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FOREWORD

The third LDEF Post-Retrieval Symposium was held at the Williamsburg Lodge in Williamsburg,
Virginia, November 8-12, 1993. Approximately 140 papers, posters, and demonstrations were

- presented. The Symposium represents the transition from focusing solely on a single spacecraft
(LDEF) and its exposure to the low Earth orbit, to focusing on a broad approach to study the space
environment and its effects. The LDEF program has provided a benchmark and means of comparison
for other programs defining the low Earth orbit environment and its effects on spacecraft materials,
systems, and structures. This Symposium included the preliminary results of European Retrievable
Carrier (EURECA), the Evaluation of Oxygen Interactions with Materials III (EOIM-III) flight
experiment, Salyut-7, and future flight experiments.

We have been challenged to design cheaper, better, and longer lasting spacecraft. NASA, other
domestic and foreign agencies, and industry have contributed to the experiments and technologles
now used to provide more accurate environmental definition and life prediction, lighter, long-lasting
materials and structures, and more efficient systems. NASA’s mission has always been to disseminate
knowledge, and now we have been challenged to see that this knowledge is transformed into relevant
technology.

The editor would like to thank all participants at the third Post-Retrieval Symposium for their
contributions leading to the transfer of this technology. I would also like to thank all the contributing
authors, as well as all those researchers who performed peer reviews of the enclosed papers. A special
word of thanks goes to Bland Stein, Don Humes, and Steve Koontz, who reviewed more than their
fair share of papers. I would like to thank the Symposium session chairs:

Darrel Tenney, Opening Session

Gale Harvey, Induced Environment

Alan Dover, EURECA

Thomas Parnell and James Adams, Ionizing Radiation

Friedrich Horz, Dale Atkinson, J.A.M. McDonnell, Michael Zolensky, Donald Kessler,
Donald Humes, and Jean-Claude Mandeville, Meteoroid and Debris

Philip Young, Ann Whitaker, Gary Pippin, James Zwiener, Joan Funk, and Bruce
Banks, Materials

Steve Koontz and Wayne Stuckey, EOIM-III

James Mason, Systems

Ranty Liang and William Kinard, Future Activities

Many thanks to Susan Hurd (Mason and Hanger) for her patient, gracious, and invaluable editing and
to Maureen Sgambelluri (Troy Systems) for her patience and skill in reformatting papers to meet our
requirements.

NASA CP-3275 is the third LDEF Post-Retrieval Symposium. The first Symposium, NASA CP-3134,
was held in 1991 in Kissimmee, Florida, and the second Symposium, NASA CP-3194, was held in
San Diego, California, in 1992. You may request copies of either or both proceedings. For
information please contact

Arlene S. Levine

Mail Stop 404

NASA Langley Research Center
Hampton, Virginia 23681-0001

phone: 804 864-3318/fax: 804 864-8094
e-mail: a.s.levine@ larc.nasa.gov
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ABSTRACT

The Evaluation of Oxygen Interactions with Materials ITT (EOIM-III) flight experiment
was developed to obtain benchmark atomic oxygen reactivity data and was conducted
during Space Transportation System Mission 46 (STS-46), July 31 to August 7, 1992.
In this paper, we present an overview of EOIM-III and the results of the Lyndon B.
Johnson Space Center (JSC) materials reactivity and mass spectrometer/carousel
experiments. Mass spectrometer calibration methods are discussed briefly, as a prelude
to a detailed discussion of the mass spectrometric results produced during STS-46.
Mass spectrometric measurements of ambient O-atom flux and fluence are in good
agreement with the values calculated using the MSIS-86 model of the thermosphere as
well as estimates based on the extent of O-atom reaction with Kapton polyimide. Mass
spectrometric measurements of gaseous products formed by O-atom reaction with C13
labeled Kapton revealed CO, CO2, H20, NO and NO;. Finally, by operating the
mass spectrometer so as to detect naturally occurring ionospheric species, we
characterized the ambient ionosphere at various times during EOIM-III and detected the
gaseous reaction products formed when ambient ions interacted with the cl3 Kapton
carousel sector. By direct comparison of the results of on-orbit O-atom exposures with
those conducted in ground-based laboratory systems, which provide known O-atom
fluences and translational energies, we have demonstrated the strong translational
energy dependence of O-atom reactions with a variety of polymers. A "line-of-centers”
reactive scattering model was shown to provide a reasonably accurate description of the
translational energy dependence of polymer reactions with O atoms at high atom kinetic
energies while a Beckerle-Ceyer model provided an accurate description of O-atom
reactivity over a three order-of-magnitude range in translational energy and a four
order-of-magnitude range in reaction efficiency. Postflight studies of the polymer
samples by x-ray photoelectron spectroscopy and infrared spectroscopy demonstrate
that O-atom attack is confined to the near-surface region of the sample, i.e. within 50
to 100 Angstroms of the surface.
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869



870

INTRODUCTION

Oxygen atoms are the most abundant neutral constituents of the Earth's ionosphere at
altitudes ranging from 200 to 700 kmrefs 1-3 and have been shown to be one of the
more important environmental factors involved in the degradation of several important
classes of spacecraft materialsref 4.5, The primary objective of the EOIM-III
experiment was to produce benchmark atomic oxygen reactivity data for a wide range
of materialsref 6. Secondary objectives included: 1) mass spectrometric characterization
of the gaseous reaction and scattering products formed when the ambient atmosphere
interacts with various materials, 2) characterizing the induced environment produced by
interaction of the ambient atmosphere with the EOIM-III experiment and the Space
Shuttle cargo bay, and 3) characterizing the chemical reaction dynamics of the reaction
between O-atoms and polymers. In this paper, we present an overview of the EOIM-
III experiment as performed during STS-46 during early August 1993. EOIM-III was a
team effort with coinvestigators from all major NASA field centers, the United States
Air Force, the European, Japanese and Canadian space agencies and the Ballistic
Missile Defense Office:

Our approach to achieving EOIM-III objectives was based on comparing measurements
of materials samples after exposure to known O-atom fluences in three well-
characterized environments: 1) The low-Earth-Orbit (LEO) environment, 2) the
high-velocity neutral-atom beam (HVAB) system at the Los Alamos National
Laboratory (LANL), and 3) a flowing discharge or downstream plasma system at JSC.
Detailed characterization of the exposure environments was accomplished by
determining such factors as O-atom flux and fluence as well as O-atom kinetic energy
distribution function, sample temperature, ultraviolet/vacuum ultraviolet (UV/VUV)
radiation dose and surface contamination.

The methods and results of the EOIM-III environment characterization effort are
described in detail in the accompanying paper™f 1. Briefly, the atomic oxygen fluence
was determined by calculation using the MSIS-86 model of the thermosphere
combined with as flown trajectory and vehicle attitude datarf 7 as well as daily average
values (24-hours average) of the solar activity indices. A second estimate of the O-
atom fluence was obtained from direct measurements of the O-atom flux using a mass
spectrometer’f 8 provided by the USAF Phillips Laboratory™f 9. Kapton polymer film
standards were also used to obtain an additional estimate of O-atom fluence by simply

‘measuring mass loss and surface recession after the mission and using the widely-

accepted value of 3.0 x 10-24cm3/atomf 10 a5 the Kapton reaction efficiency.

The thermal history of the payload was recorded with an array of thermocouple
sensors™f 1 and the solar UV/VUV dose was estimated using daily average solar flux
data from the Upper Atmosphere Research Satelliterf ! combined with a detailed
analysis of the Space Shuttle attitude history. Payload contamination was evaluated by
post flight X-ray photoelectron spectroscopy of selected samples and monitored during



the mission with an array of Temperature Controlled Quartz Crystal Microbalances
(TQCMs)ref 1,

EOIM-III Flight Experiment: Description and Performance

The EOIM-III flight hardware is briefly described below. Photographs of the EOIM-
I payload, after installation in the Space Shuttle Atlantis and removal of protective
covers, are shown in figure 1 . A line drawing of EOIM-III identifying the various
sub-assemblies and experiments is shown in figure 2 and can be used to identify the
various features shown in figure 1. The overall cargo bay layout of STS-46 is shown
in figure 3. EOIM-III was mounted on a Multipurpose Payload and Experiment
Support Structure ("MPESS" structure), on the starboard side of the Space Shuttle
Atlantis, near the aft bulkhead, and at the level of the orbiter sill longeron, i.e., at the
level of the cargo bay door hinge line. The carousel and mass spectrometer are visible
in the middle of the EOIM-II pallet, with the passive sample carriers on the outboard
side and the heated trays and environmental monitor package inboard, toward the
center of the Space Shuttle cargo bay. In figure 1 the mass spectrometer is pointed
along the cargo bay normal (-Z in orbiter coordinates) and the motorized lid is closed.
The mass spectrometer ion source was of the semi-open variety as defined by Hayden,
Neir, et al.,™f 11 and was capable of receiving neutral gas from a 180-degree field of
view. Only the vertical stabilizer, several cargo bay components including the aft
bulkhead, and the orbital manuvering system pods are line-of-sight to the mass
spectrometer ion source (although only occupying a small, perifieral fraction of the
field of view) and, by implication, the rest of the payloadref I, A cross sectional
drawing of the mass spectrometer is shown in figure 4.

The as-flown altitude and attitude timelines for STS-46 are shown in figures 5 and 6.
The attitude timeline shows the angle between the cargo bay normal (-Z in orbiter
coordinates) and the orbiter velocity vector. The angle shown in figure 6 runs from 0
degrees, corresponding to the -ZVV or ram orientation, to 180 degrees, corresponding
to ZVV or antiram (heat shield into the velocity vector). The oscillations between 0
and 180 degrees visible during earlier parts of the mission correspond to inertial hold

attitudes or roll maneuvers. The orbital inclination was 28.5 degrees and the beta angle

(the angle between the Sun pointing vector and the plane of the Space Shuttle orbit)
varied between 17.5 and 24.3 degrees. EOIM-III was initiated at Mission Elapsed
Time (MET) 5 days, 22 hours, 30 minutes (5:22:30 = 142.5 hrs.), shortly after
reducing orbital altitude to 123-124 nmi. A waste-water dump was conducted between
MET 5:20:37 and MET 5:22:30 with the orbiter attitude adjusted to minimize the
chance of particles from the waste stream recontacting the orbiter. The orbiter was
placed in the -ZVV attitude for EOIM-IIT at MET = 142.5 hrs.

In general, the EOIM-III flight hardware performed well during the mission. Primary
electric power was applied to the payload at MET 0:3:22 and telemetry was then
enabled. Before EOIM-III was initiated, the mass spectrometer was operated only as
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needed in order to obtain natural and induced environment data for selected vehicle
attitudes and operations. The mass spectrometer was pointed in the -Z direction, as
shown in figures 1 and 2, throughout the pre EOIM-III portion of the mission and
operated so as to alternately collect mass spectra of neutral gases (the electron impact
ionization filaments and a repeller grid to exclude ambient ions were both powered on)
in neutral mode, or ambient ions (filaments and repeller grid off) in ion mode during
alternating 1 minute intervals. In addition, payload temperature data were recorded
throughout the mission using thermocouples placed as described in the accompanying
mission and induced environments paperrf 1.

After initiation of the EOIM-III experiment, the EOIM-III payload executed a series of
timed operating cycles in which mass spectrometric measurements of the ambient
atmosphere and ionospheric constituents alternated with mass spectrometric
measurements of reaction and scattering products formed when ambient species
interacted with various carousel sectors each of which was coated with one of the
following materials: 1) C!3 labeled Kapton polyimide prepared by the Jet Propulsion
Laboratory; 2) anodized aluminum; 3) Chemglaze Z-306 black polyurethane based
space paint; 4) FEP Teflon, 5) Parylene-C coated stainless steel. The carousel sectors
were designed so that the geometric field of view of the mass spectrometer ion source
contained only carousel sector surfaces. A movable carousel sector cover blocked
direct incidence of atmospheric species during a portion of each carousel sector
observation period so that the induced environment from both direct ram and scattered
ram could be measured.

In addition to carousel/mass spectrometer operations, heated tray temperatures were
established at 60, 120 and 200 degrees Centigrade (prior to placing the orbiter in the
ram -ZVYV attitude for EOIM-II) and timed sample tray cover movements for the
variable exposure trays (VET) and solar ultraviolet (SUV) trays were initiated.

The VET cover failed to operate correctly, and all sample specimens received the same
nominal O-atom fluence. The SUV and heated tray experiments operated properly.
Two payload-switching problems were encountered which have not been explained to
date. First, the mass spectrometer did not respond to a power-off command leading to
13.6 hours of unplanned operation early in the mission. Second, the preprogrammed
mass spectrometer/carousel cycle did not initiate properly on the first try so that the
carousel observations were delayed by about 6 hours. Despite the switching problem,
neutral mode mass spectra were obtained for all carousel segments and ion mode
spectra were obtained for the Z-306 and the C13 labeled sectors.

The reactivities of EOIM-III polymer samples were determined by two complementary
methods: 1) weight loss and 2) profilometry. In most cases, two disk samples of each
polymer were placed in each sample holder opening. The top sample was directly
exposed to the space environment and interacted with atomic oxygen, UV/VUV
radiation and other space environment factors while the underlying sample was exposed
only to thermal vacuum. Both samples were subjected to high-vacuum baking and
were weighed before and after the mission. Both samples were cleaned by rinsing



briefly with Q Clean'™ Solvent, (Thermo Analytical Inc., Monrovia Calif.) an ultra-
high-purity cleaning solvent, and were then air dried in a laminar flow hood prior to
installation in the EOIM-III sample holders. Polymer film samples were tested for
short-term compatibility with Q Clean'™ before cleaning. The top sample was also
covered with a high-transparency metal grid which acted as an etch mask. In this way,
the well-known highly-directional nature of high-velocity O atom reactions with
polymeric materials was exploited to advantage by producing a regular pattern of ridges
on O-atom reactive polymers. The regular pattern of ridges produced with the etch
mask makes profilometry more accurate in the presence of the natural surface
irregularities always present on polymer film samples. All polymer film specimens
were used as-received from the vendors except for the vacuum baking and cleaning
process described above. However, the two liquid crystal polymers, Xydar and LCP-
4100, were also polished because the surface roughness of the as-received material was
too great to permit accurate profilometry even with use of the metal screen etch masks.

EOIM-III Laboratory Support Instrumentation: Apparatus and Methods

Laboratory measurements and calibrations were a key component of the EOIM-III
experiment. Effects resulting from sample exposure to laboratory O-atom systems
were compared to those resulting from on-orbit O-atom exposure to gain insight into
reaction mechanism and to verify various approaches to ground-based testing. In
addition, the EOIM-IIT mass spectrometer was calibrated in a ground-based, high-
velocity O-atom beam system. Finally, most materials reactivity determinations were
made by post exposure laboratory measurements of exposed specimens for comparison
with controls. Weight loss, surface recession by profilometry, scanning electron
microscope images, x-ray photoelectron spectroscopy, thermomechanical analysis, and
transmission infrared spectroscopy were the most important sample characterization
techniques used for the JSC samples. Two laboratory O-atom systems were used to
provide comparison data: 1) the flowing discharge and 2) the HVAB. In general,

" polymer specimens were prepared as for flight on EOIM-III (see proceeding section).
Polymers exposed to the HVAB beam were, however, bonded to aluminum heat sinks
using a silicone-free epoxy cement so as to assure known sample surface temperatures
despite heating by beam-source thermal radiation.

The methods and apparatus used to determine the O-atom reactivities of polymers in the
flowing discharge (remote plasma) apparatus have been describedref 12,13, Briefly, a
working gas (10% O9/90% Ar), at total pressures on the order of 2 Torr, was passed
through a 2.45 GHz Evenson discharge cell and flowed downstream from the discharge
before coming into contact with the polymer samples so that the gas had cooled to

room temperature but still contained oxygen atoms in the O3P electronic ground state.
The O-atom concentration was determined by chemiluminescent titration using

NO,ef 14,15 and the atom flux on sample surfaces is determined using well-known
methods for modeling flowing reaction-diffusion systemsref 16, Both the samples and
the reactive gas could be heated to determine Arrhenius activation energies. Unlike the
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atom beam and space flight experiment experiment, both of which deliver O-atoms to
the polymer surface in the form of a directed beam, the flowing discharge delivers O-
atoms to the polymer surface by diffusion from an isotropic gas in thermal equilibrium
with the polymer sample. This does not necessarily imply that the comparison of
flowing discharge and directed beam O-atom processes is invalid in an "apples and
oranges" sense simply because the O-atom reaction with the sample surface still
depends on an O-atom surface collision. In addition, the flux of molecular oxygen was
much higher in the flowing discharge than in the LEO or HVAB environments
described above, though large variations in O7 partial pressure revealed no effects on
the reactivity of Kapton, Mylar or polyethylene in the flowing discharge

systemref 13,16 Polymer reactivity in this system was determined by periodically
venting the system and weighing the polymer specimens on a six-place laboratory
balance. The observed mass loss was always significantly greater than any water
adsorption or desorption effects.

The HVAB has been describedref 17,18, Briefly, a laser-sustained gaseous discharge
(50% O9/Ar or O/Ne at pressures on the order of 2000 Torr) undergoes supersonic
nozzle expansion to form a seeded beam of oxygen atoms (O3P electronic ground state)
and inert gas atoms. The average kinetic energy can be varied between 0.4 and 3 eV.
Beam velocity distribution functions were determined directly using well-known time of
flight (TOF), methodsef 17,18 with phase-sensitive (modulated atom beam) mass
spectrometric detection to reject vacuum system background. The mass spectrometer
used for beam characterization was not the EOIM-III mass spectrometer but, rather, a
component of the HVAB system.

The O-atom flux in the beam was determined using both relative abundance from the
mass spectrometric measurements of beam composition using TOF methods and the
pressure rise in an accommodation chamber (measured with a spinning rotor type
pressure gauge and residual gas analyzer) as was previously reportedref 2, Given the
inert gas flux in the beam and the relative abundances of the various high-velocity beam
species from phase-sensitive mass spectrometry, the fluxes of all other beam species,
including atomic oxygen, were calculated using known values of electron impact cross
sections, the mass spectrometric transmission function, and the change in mass
spectrometer sensitivity with atom or molecule velocity™f 18, The well characterized
O-atom beam used for calibration and characterization of the EOIM-III flight mass
spectrometer was also used to support polymer reaction efficiency measurements in this
system.

The typical polymer film temperature during exposure to the O-atom beam was 45
degrees centigrade, and the samples could be heated to determine Arrhenius activation
energies. Gaseous reaction products were detected using phase-sensitive (modulated
beam) mass spectrometric detection techniques™f1® to reject vacuum system
background.



Results and Discussion of Results: Mass Spectrometer/Carousel

The mass spectrometer carousel system produced about 48,000 neutral and ion mass
spectra during STS-46. Typical ram mass spectra taken: 1) during the post

Eureca deployment ram orientation period (altitude = 430 km) and 2) at the beginning
of the EOIM-III (altitude = 230 km) are shown in figures 7a and 7b, respectively.
For comparison purposes, a typical mass spectrum produced during the calibration
process at LANL is shown in figure 8. Atomic oxygen is visible at mass 16 in figures
7 and 8, with water at mass 18 and the OHt ion at mass 17. Molecular oxygen is
visible at mass 32 in both figures and is formed by recombination of atomic oxygen in
the mass spectrometer ion source (neither the HVAB beam nor the LEO environment
contains significant amounts of O7). The mass 40 and 20 peaks in figure 8 are form
Art and Art T respectively. Figures 7 and 8 show a number of features not apparent
in figure 18. The intense peak at mass 28 amu is produced by molecular nitrogen, a
natural component of the atomophere at Shuttle operating altitudes, and the associated
atomic nitrogen fragment is visible at mass 14. The mass peak at 44, with an
associated doubly charged peak at 22, as well as an atomic carbon fragment peak at
mass 12, is attributed to COp. The CO peak ( mass 28) is obscured by the Ny peak at
mass 28. HO and CO are not components of the natural environment at shuttle
operating altitudes but can be produced by both active (O-atom reactions with cargo
bay materials) and passive outgassing of space shuttle cargo bay components and the
mass spectrometer itself. The low intensity mass peaks at 23 and 39 amu correspond to
sodium and potassium, also not components of the natural environment, and have been
reported in mass spectra produced by satellite borne instrumentsref 31,

The high-background current visible in the calibration spectrum (figure8) is the result
of scattered UV/VUYV radiation from the HVAB source which was coaxial with the ion
flight path of the mass spectrometer. The same high background current would be
visible in the EOIM-III mass spectra if the instrument had been directly facing the Sun,
but the combination of orbital inclination, beta angle (the angle between the Sun vector
the orbital plane), and vehicle attitude precluded that event during STS-46 (the 1800
field of view applies to the ion source only, not the complete path from ion source to
secondary electron multiplier). During EOIM-III and the various HVAB calibration
experiments, the mass spectrometric sensitivity decreased as a function of O-atom
fluence. However, the O-atom fluence dependence of the mass spectrometer was
different in the on-orbit and high velocity atom beam environmentsref 1,

Only a 30 percent loss of signal was noted in the photocurrent background at LANL
while a factor of 6 decrease in ion current was noted under constant O-atom flux
conditions. The effect of O-atom fluence on mass spectrometer sensitivity is believed
to be due to the formation of gold oxide on the surfaces of the gold-plated ion source
optics in the EOIM-III mass spectrometer. This effect was previously reported to occur
during mass spectrometric sampling of ions form flowing discharges with gold
sampling orifices™f 19, Formation of a dielectric layer on the ion optical elements
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degrades the sampling efficiency of the ion source. Some degradation of secondary
electron multiplier performance was observed via changes in the amplitude of the
photocurrent background during high fluence calibration experiments at LANL; the
effect is small compared to the observed mass spectral sensitivity loss. The formation
of gold oxide (Auy0O3) from gold and molecular oxygen is not observed because the
process is endothermic at 19.3 kcal/mole. In contrast, the formation of gold oxide
from gold and atomic oxygen is exothermic at -159 kcal/mole.

Finally, it is interesting to note that different O,/O ratios were obtained on orbit and in
the laboratory (O,/O = 2.8 on orbit; O,/O = 1.5 at LANL). Since O constituted less
than 3 percent of the high-velocity gas entering the mass spectrometer in both
environments, the very different O,/O ratios observed suggest that O-atom
recombination and transport processes were following different kinetic laws in the two
environments.

The immediate conclusion obtained from the comparison of mass spectrometric
performance on orbit and in the laboratory is that simple direct application of the
LANL calibration results to the on-orbit data will not give the best accuracy. O-atom
fluence estimates based on mass spectrometric data range from 2.2x1029 to 4.7x1020
atoms per square centimeter depending on the approach we used in applying the
calibration results to the on-orbit data. As of this writing, the mass spectrometric
fluence estimate is 2.3 + 0.7 x 1020 O atoms/cm2. This fluence estimate was
calculated as follows. First, the calibration factor at zero O-atom fluence is taken as
2.3 x 1023 (atoms/cm2)/amp, as determined in the HVAB facility at LANL. The
corrected massl6-peak areas (corrected by subtraction of 26 percent of the mass 32-
peak area, 0.15 percent of the mass 18-peak area) are multiplied by the sensitivity
decay function to correct for O-atom fluence dependent instrument sensitivity loss. The
sensitivity decay function was obtained by fitting an exponential decay function to the
on-orbit mass 16-peak area data (i.e. except for diurnal variations, the O-atom flux was
assumed to be approximately constant). Finally, the corrected mass 16 peak areas
were multiplied by the zero fluence calibration factor to obtain the O-atom

flux. The flux is calculated at regular time intervals and summed to obtain the mass
spectrometer O-atom fluence measurement for those time periods when the mass
spectrometer was on and producing O-atom flux measurements. Division of the mass
spectrometric fluence calculated above by the duty cycle, i.e. the fractional time on and
measuring O-atom flux, gives the final value for the mass spectrometric O-atom
fluence.

Typical mass spectra of the induced neutral environment in the C13 labeled Kapton
carousel sector are shown in figures 9 (sector open to direct ram flux) and 10 (sector
cover on blocking direct ram flux). Comparison with the typical ram mass spectra
(figure 7) shows that scattered ambient species dominate the induced environment.
Gaseous reaction products are a significant part of the spectra, however, and C130,
and C130 are visible in figures 9 and 10. Gaseous reaction products formed during
exposue of an identical C13 Kapton sample to the HVAB at LANL is compared with



EOIM-III measurements in figure 11 demonstrating that the same gaseous reaction
products are produced in both environments. The higher levels of NO at mass 30 in
flight is probably formed by environmental interaction processes not directly related to
O-atom reactions with polymers. Mechanisms previously proposed to explain the
visible spacecraft glow phenomena may explain the high NO signal observedref 30,

Moving the cover over the carousel sector produced little effect except for a net
reduction in spectral intensity (figures 9&10). The fact that the sector cover had little
effect is attributed to the scattering of ambient ram species from the EOIM-III pallet,
near the opening to the carousel sector, as well as scattering of cargo bay induced
environment gases from aft bulkhead surfaces. With the cover in position over the
carousel sector, incomplete momentum accommodation (on surface collision) can result
in relatively high kinetic energy (i.e., high reactivity) O atoms colliding with the
carousel sample surfaces after only two reflections, one from the EOIM-III pallet and
one from the sector cover surface which faces the sample compartment.

The EOIM-III mass spectrometer measured ions in the natural and induced environment
when the electron impact ionizer and the repeller grid were turned off as described
above. A typical ambient ion mass spectrum taken with the mass spectrometer ion
source in a ram orientation during EOIM-III operations at a 230 km altitude is shown
in figure 12. Mass spectra of the induced ionic environment, formed by interaction of
naturally occurring ionospheric ions with the C13 Kapton carousel sector, are shown in
figures 13 (sector cover off) and 14 (sector cover on). The difference between the
ambient ram mass spectra and the induced environments spectra is more notable in this
case than in the neutral case of figures 9 and 10. Isotope-labled reaction products are
visible in the mass spectra of the Kapton carousel sector and may result either from
direct reaction of O ions with the carousel sector surfaces or gas phase charge
exchange of O7 ions with the gaseous reaction produced by neutral O-atom attack on
the polymer. It is also interesting to note that in contrast with the induced neutral
environment mass spectra of the same carousel sector, mass spectra of the induced
ionic or plasma environments showed a dramatic decrease in intensity when the
carousel sector cover moved into position showing that ionospheric plasma ions are
efficiently neutralized during collisions with payload surfaces.

Results and Discussion: O-Atom Reactions with Polymeric Materials.

Polymer reaction efficiencies (cm3 of material removed per incident O atom)
determined following exposure on orbit in the EOIM-III passive trays, are shown in
table 1, where EOIM-III measurements are compared with those made following
previous flight experiments. The reaction efficiencies reported in table 1 were
determined by weight loss only; the repeatability of the measurement is indicated as the
difference between the largest and smallest measurement, if more than one sample was
exposed on orbit. Comparison of the EOIM-III reaction efficiency column in table 1
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with those of previous missions demonstrates that the polymer reaction efficiency data
base has been both enlarged and verified.

Table 1. Polymer Reaction Efficiencies

POLYMER Re (EOIM-TII) | Re (STS-8) Re (STS-41) | Re LDEF
x 1024 x 1024 x 1024 x 1024

KAPTON (LeRC R.R.) 3.1 R EX 3.3 3.0

EYMYD-F (ETHYL CORP. | 2.7

CR-39 POLYCARBONATE | 6.1 6.0

PEEK (ICI) 34 , 4.3

XYDAR (AMOCO) 2.9

LCP-4100 (DuPont) 3.2

MYLAR A (DuPont) 38 3.9

POLYETHYLENE (PE) 4.4 3.7

HDPE (PRILLIPS, 3.7 3.7 35

EMH6606)

POLYMETHYLPENTENE | 5.3

(PMP, MITSUI)

POLYPROPYLENE 5.5 4.4

TEDLAR (DuPont) 3.5 3.2

TEFZEL (CLEAR, DuPont) | 0.9 0.2

TEFZEL (BLUE, 1.1

RAYCHEM)

TEFZEL (WHITE, 0.9

RAYCHEM)

KYNAR (PENWALT) 1.2

KEL-F (PCTFE, 3M) 0.9

HALAR (ALLIED) 1.9

ACLAR 33C (ALLIED) 1.0

FEP TEFLON (LeRCR.R.) | 0.05 <0.03 <0.03 0.3

TFE TEFLON (DuPont) 0.06 <0.03 0.5

EYPEL-F, ETHYL CORP.) | <0.03

POLY(BISTRIFLUOROPRO-

PYLPHOSPHAZENE)

The results of replicate measurements of the reaction efficiency of Kapton polyimide
demonstrate excellent agreement between the profilometry and weight loss
measurements. Weight loss on four Kapton samples produced a reaction efficiency of
3.05+0.1 x 1024 cm3/atom while profilometry of four different Kapton samples
produced a reaction efficiency of 3.16+0.1 x 1024 cm3/atom, using 2.3x1020
atoms/cm? as the fluence estimate. Both numbers are in excellent agreement with the
Kapton reaction efficiencies produced by other on-orbit materials experiments such as
STS-8ref 21 (3 x 10-24), the Long-Duration Exposure Facility™f 22 (LDEF)

(3.0 x 10-24) and the Intelsat Solar Array Coupon (ISAC) experiment flown on STS-
41ref 5 (3.1 x 10-24). The HVAB at LANL was used to produce an independent
(independent of MSIS-86 calculations) estimate of the Kapton reaction efficiency as




described below. The value of the Kapton reaction efficiency determined in the HVAB
is 3.3 x 10-24, within 10 percent of the values produced by the flight experiments.

Several general trends in the relationship between O-atom reactivity and molecular
structure are visible in table 1. For example, polyethylene, Tedlar, Tefzel, Kynar and
Teflon are all linear carbon chain polymers with increasing fluorine content and
decreasing hydrogen content as we move along the series from polyethylene,
(CHp-CHp),,, or polypropylene, to Teflon, (CF-CFp)y, or FEP Teflon. As can be
seen in table 1, increasing fluorine content results in decreasing O-atom reaction
efficiency, as we would expect if hydrogen atom abstraction is a rate-limiting process
and fluorine atom abstraction occurs to a very limited extent, if at all. The EOIM-III
reaction efficiency for Teflon is intermediate between that reported from STS-8ref 20
and LDEFref 21 We attribute the observed range of reaction efficiency values to
different net doses of solar UV/VUYV radiation in the different mission environments.
Vacuum ultraviolet photochemistry has been shown to be the controlling factor in the
O-atom chemistry of Teflon and Kel-Fref 22.23, The EOIM-III payload received a
larger VUV radiation dose than STS-8 as a result of the solar inertial hold period
following deployment of the Eureca satellite during an earlier portion of the STS-46
mission.

In contrast, incorporating two CF3 groups into a polyimide structure results in little or
no change in reaction efficiency, as can be seen by comparing the reaction efficiencies
of Kapton polyimide and Eymyd-F. In general, the aromatic polymers displayed
significantly lower reaction efficiencies than the linear straight-chain hydrocarbons,
with the notable exception of the polycarbonate. The very low reaction efficiency of
the poly(bistrifluoropropylphosphazene) based polymers X-221, X-222, and Eypel-F,
all showing little or no evidence of reaction, confirms earlier work in ground-based test
facilitiesref 24, Eypel-F is a durable, high-temperature elastomer which may find use in
spacecraft atomic oxygen environments.

Table 2 shows the temperature dependence of the polymer reaction efficiencies
determined following exposure to known O-atom fluences on the EOIM-III heated
trays in the flowing discharge apparatus and in the HVAB. The temperature
dependence of the O-atom reaction efficiency is shown as an empirical Arrhenius
activation energy, i.e., the natural logarithm of the reaction efficiency is plotted against
the reciprocal of the polymer sample temperature in degrees Kelvin, and the activation
energy is reported as the slope. It should be noted that atom kinetic energy appears
nowhere in this expression. For all the cases examined to date, straight-line Arrhenius
plots have been obtained with correlation coefficients between 0.95 and 0.99.
Inspection of table 2 shows that a large decrease in the Arrhenius activation energy is
obtained on going from the flowing discharge to the HVAB or orbital environments.
The large decrease in activation energy is accompanied by the large increase in reaction
efficiency.
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TABLE 2. The effects of atom-surface collision energy on the reaction efficiency , Re,
and the parameters of the empirical Arrhenius equation, Re = A x EXP(-Ea/kTy), where
Ty is polymer surface temperature and Ea is the activation energy in eV. Reisin
cm3/atom.

POLYMER Re, LEO | Ea, LEO | Re,HVAB | EaHVAB |Re, FDS | Ea, FDS
KAPTON 3.1E-24 | 002e¢V  |33E24 | 0.01eV | 2E-28 0.3 eV
MYLAR 3.8E-24 | 005eV | —— — 3E-28 0.4 eV
D4POLYETHYLENE | 38F-24 | 0.0 eV e e 2E-27 0.2 eV
FOLYETHYLENE®E) | 37E-24 | 0.0 eV — JE— 4E-27 0.2 eV
KYNAR 1.2E-24 | 0.0 eV — —_— 3E-29 0.4 eV
TEFZEL 09E-24 |004eV | ——— | ——— 3E-29 0.5 eV
LCP-4100 32E-24 | 0.04eV | ———

XYDAR 29E24 | 005eV | ——

CR-39 6.1E-24 | 0.04eV | ——

EYMYD-F 27E-24 | 0.03eV | ——

PEEK 34E24 | 0.03eV | ———

O-atom kinetic energy, on impact with the polymer surface, does not appear in the
Arrhenius equation. As a result, the activation energy calculated by this method can
vary with O-atom kinetic energy, if atom kinetic energy is available to overcome
energetic barriers to reaction as has been previously proposedref 13,25, Alternately, the
mechanism of reaction could change as atom-kinetic energy approaches a threshold
value. Simple, semiempirical power laws or exponential functions have been shown to
produce reasonable agreement with the limited data then available in the 0.065 to

5.0 eV translational energy range which suggests that a single reaction mechanism, as
well as a single energetic barrier to reaction, may determine the reaction efficiency in
the O-atom kinetic energy domain of interest. The question cannot be resolved without
reaction efficiency data taken at several translational energies between 0.1 and 1.0 eV.

The LANL HVAB was used to obtain reaction efficiency data on Kapton polyimide at
average atom kinetic energies of 0.44, 0.72, 0.79, and 2.1 eV. Velocity distribution
functions and HVAB composition were measured as described in the apparatus and
methods section above. The four O-atom kinetic energy distribution functions are
shown in figure 15. For comparison purposes the kinetic energy distribution functions
for ram-incident O atoms in LEO (average kinetic energy = 5.6 €V) and for O atoms
striking a surface immersed in flowing discharge gas (average kinetic energy = 0.065
eV) are shown in figure 16.

It should be noted that the component of the kinetic energy normal to the surface plane
during collision with the surface and the total O-atom kinetic energy are the same for
the O-atom directed beam on-orbit and in the HVAB. In the case of the thermalized
gas in the flowing discharge, the component of the kinetic energy which is normal to
the surface plane during collision with the surface and the total O-atom Kinetic energy
are not the same. The total kinetic energy distrubution on surface collision in the
flowing discharge shown in figure 16 was calculated using well known molecular




effusion beam methods. The component of the total kinetic energy normal to the surface
plane is often used in surface reactive scattering experiments on surfaces having well
defined surface structures™f 27, The total kinetic energy on surface collision is

probably more appropriate in the case of polymer films which are expected to be rough
on a molecular scale and show no preferred orientation of chemical bonds.

The measured reaction efficiency of Kapton polyimide is plotted against the first
moment (average value) of the kinetic energy distributions described in the previous
paragraph (figures 15 and 16) in figure 17. A rapid increase in reaction efficiency is
seen between 0.065 and 1.0 eV followed by relatively little change between 1.0 and
5.6 eV. The data shown in figure 17 suggest that a the dynamics of the reaction of O-
atoms with polymers may be described with a line-of-centerstf 26, a Berckele et alref 27,
or a microcanonical transition state™f 28 model of the kinetic energy dependence of
the reaction probability. Such models have proven highly successful in describing the
translational energy dependence of a number of gas phase and surface reactive
scattering processes™f 2629, A simple direct fit of the data plotted in figure 17 to such
a model is a gross oversimplification given the width of the velocity distribution
functions. A more accurate test of the translational energy dependence hypothesis is
needed.

To test the hypothesis that the simple reactive scattering models provide a reasonable
description of the reaction dynamics of O atoms with polymers, we form the
convolution integral of the function which describes the kinetic energy dependence of
the reaction probability with the normalized kinetic energy distribution function, f(Et),
as shown in the equations below and then determine if the Re vs. Et data can be fit to
the resulting function. Finally, we ask if the Re equation, with parameters determined
by least squares curve fitting to the HVAB data, can predict values of Re for the
flowing discharge and on-orbit environments.

Line of Centers Model

Re= { A(1—%‘ti) F(EDA(EY),.

A=510x10"%cm’ | atom Ea=0.62eV A=0.036 (1)
Beckerle-Ceyer Model
Re:T 4 x f(E)d(EY)
. 1 +exp—n(Lt - Ea)
A=37x10" n=10 Ea=0.98 A =0.008 2)
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Re, as defined by the Re equations above, is the average of a large number of reaction
efficiencies, one for each kinetic energy interval in the kinetic energy distribution
function of interest. The Re equations allows us to calculate the reaction efficiency
given the normalized kinetic energy distribution function, f(Et), and values for the
parameters Ea, the magnitude of the energetic barrier to reaction, and A, the limiting
reaction efficiency at high kinetic energies. The A term is the residual sum of squares
error at the conclusion of the curve-fitting process.

We test the hypothesis represented by an Re equation as follows. First, because apriori
values for A and Ea are not available, a gaussian least squares curve-fitting process is
used with A and Ea as adjustable parameters. A, Ea, and any other adjustable
parameters are varied until the Re equation gives the best fit (minimum A) to the Re
data produced by exposing Kapton samples in the four different atom beam kinetic
energy distribution functions shown in figure 16. The success of the curve-fitting
operation both in terms of the reasonableness of the A and Ea values obtained and the
magnitude of the sum of squares error at the end of the curve-fitting process is one test
of the validity of the hypothesis. A second test involves asking how accurately an Re
equation, with A and Ea values determined as described above, can predict Re values
for kinetic energy distributions well outside the range of values used in the least squares
process. Specifically, can an Re equation, with A and Ea determined with HVAB data,
predict Re values obtained from the flowing discharge and EOIM-III experiments?

The predictions of the Re equations are plotted with the measured Re values in

figure 17. Clearly, both Re equations provide a reasonably accurate description of the
kinetic energy dependence of the Kapton Re for the HVAB and on-orbit data. The two
models differ significantly in their ability to accurately predict the Re in the flowing
discharge apparatus. The Beckerle-Ceyer model produces reasonably accurate
predictions of the Kapton Re over a three order of magnitude range of O-atom kinetic
energy and a four order of magnitude range in Re. Failure of the line-of-centers model
to predict Re at thermal energies suggests that the potential energy surface describing
the reactive collision may change in such a way that Ea varies with collision energy.
Finally, it is useful to note that the Beckerle-Ceyer model, with parameters estimated for
Kapton, is a useful tool for making reasonable estimates of Re for a variety of polymers
in both thermal and hyperthermal O-atom environments as can be seen by comparison
of the data in tables 1 and 2 with figure 17.

The results of x-ray photoelectron spectroscopic (XPS) studies of several polymers are
shown in table 3 where samples exposed to the O-atom flux during EOIM-III are
compared with flight controls (i.e., samples exposed to to the space vacuum during
EOIM-III, but not to O-atom flux). All the polymer samples show significant increases
in surface oxygen content accompanied by surface depletion of carbon. However the
net disturbance of the surface atomic composition is relatively small at 10 to 15 atom
percent. In contrast, infrared adsorption spectra of polymer sample films show no
significant difference between the oxygen exposed samples and the controls, except a



slightly smaller absorbance value for the O-atom exposed samples which were thinner
than the controls as a result of O-atom reaction. Because the XPS method has a
sampling depth on the order of 0 to 50 Angstroms we can conclude that O-atom
reaction processes are confined to the near surface region of the polymer with no
significant reaction processes occurring at the greater depths samples by infrared
spectroscopy. Typical infrared adsorbance spectra of Kapton and polyethylene which
were exposed to the ram O-atom flux during EOIM-III are compared to those of the
corresponding flight controls in figure 18. The small differences in absorbance peak
heights are the result variability in final film thickness after pressing, not O-atom
reaction effects.

Table 3. Surface composition of EOIM-III polymer films, expressed as atom percent,
as determined by X-ray photoelectron spectroscopy. The surface exposed to ram
atomic oxygen during EOIM-III is compared with the control sample.

O-atom Reaction Surface Control Surface

Polymer C 0 N F Si C 0 N F Si
Kapton 64.3 (232 {57 0.0 [6.8 [79.7 133 5.7 |0.0 [1.1
| Myl 71.2 1242 {06 0.8 [22 [75.1(227]01 |03 [1.8
PEEK~ 49.3 |36.1 |24 |52 |69 |81.0 {159 0.6 |04 [2.2
80.4 |14.2 |15 |0.0 [3.8 |948 (34 |00 |00 [1.8
86.9 (9.1 (03 |05 [3.2 [973 (1.8 |0.0 {00 [0.9

kY
Fmal’* profilometry and weight-loss measurements on JSC polymer samples revealed
some } teresting configuration interaction effects produced by the sample holders
themsﬁ‘%s Thin metal screens were placed in front of most polymer samples on
EOME to act as etch masks, helping to provide for more accurate profilometry.
V&, the profilometry measurements showed more surface recession near the edge
of the 2 165 centimeter diameter sample holder opening and less recession near the
center T shown in figure 20. The effect is probably a result of the 45 degree bevel
machme into the circular sample openings in the sample holders. High-velocity
oxygemms can scatter off the beveled surface and onto the sample, effectively
increasir ; the O-atom flux and fluence nearest the edge of the sample holder opening.

Summary and Conclusions

Despnte “Sme minor payload timing and switching problems, the EOIM-III flight
expermf at achieved all of its objecitves. A well-characterized, short-term, high-
ﬂuencej;-atom exposure was provided for a large number of materials, many of which
had neve_ been exposed to the atomic oxygen environment in LEO before. Detailed
defimtlo of the sample exposure history is provided in reference 1. The mass
spectr@ ter/carousel experiment produced over 46,000 mass spectra providing
detaxleﬂ; haracterization of both the natural and induced environments. The mass
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spectrometric data base will prove a valuable resource in future years for the
verification of various models of rarefied gas and plasma flow around spacecraft. The
gaseous reaction products of various polymer species have been determined in the LEO
environment and direct reactions of ambient O ions with surfaces have been
observed. Finally, by combining measurements of polymer reaction efficiency ,we
have determined the dependence of polymer reaction efficiency on O-atom kinetic
energy in an unequivocal way. Reaction efficiency data produced in the HVAB system
at several different O-atom kinetic energies were shown to be described by the
Beckerlerf 29 reactive scattering model with an energy barrier of 0.98 eV. The same
equation made reasonably accurate predictions of reaction efficiencies in the LEO
environment and in the laboratory flowing discharge at JSC. The activation energy for
the mass removal or surface recession process, defined in terms of polymer temperature
only, showed a marked decrease in magnitude as O-atom translational energy is
increased, a result which is expected if O-atom kinetic energy is directly available to
overcome energetic barriers to reaction.
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Figure 1: A launch pad close-out photo of the EOIM-III payload in the cargo bay of
the Space Shuttle Atlantis. The aft bulkhead of the cargo bay is visible at the bottom of
the photograph.
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STS-46 CONFIGURATION

Figure 3: Cargo bay configuration for STS-46.
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Figure 4: A cross sectional drawing of the EOIM-III mass spectrometer.
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ABSTRACT

The Evaluation of Oxygen Interactions with Materials III (EOIM-III) flight experiment was
developed to obtain benchmark atomic oxygen/material reactivity data. The experiment was conducted
during Space Shuttle mission 46 (STS-46), which flew July 31 to August 7, 1992. Quantitative
interpretation of the materials reactivity measurements requires a complete and accurate definition of the
space environment exposure, including the thermal history of the payload, the solar ultraviolet exposure,
the atomic oxygen fluence, and any spacecraft outgassing contamination effects. The thermal history of
the payload was measured using twelve thermocouple sensors placed behind selected samples and on the
EOIM-III payload structure. The solar ultraviolet exposure history of the EOIM-III payload was
determined by analysis of the as-flown orbit and vehicle attitude combined with daily average solar
ultraviolet and vacuum ultraviolet (UV/VUYV) fluxes. The atomic oxygen fluence was assessed in three
different ways. First, the O-atom fluence was calculated using a program that incorporates the MSIS-86
atmospheric model, the as-flown Space Shuttle trajectory, and solar activity parameters. Second, the
oxygen atom fluence was estimated directly from Kapton film erosion. Third, ambient oxygen atom
measurements were made using the quadrupole mass spectrometer on the EOIM-III payload. Our best
estimate of the oxygen atom fluence as of this writing is 2.3+0.3x1020 atoms per square centimeter.
Finally, results of post-flight X-ray photoelectron spectroscopy (XPS) surface analyses of selected
samples indicate low levels of contamination on the payload surface.

INTRODUCTION

Previous studies(tef. 1) of atomic oxygen reactivity with materials used on low-Earth-orbiting
spacecraft have been based on material changes measured in the laboratory and normalized to atomic
oxygen fluence as derived from spacecraft flight conditions and ambient density predictions
(MSIS-86).(refs 2,3) Some questions regarding the validity of using long-term-based ambient density
models for short-term flight experiments have arisen.(efs-4.5) In an attempt to resolve this uncertainty,
the Evaluation of Oxygen Interactions with Materials IIl (EOIM-III) flight experiment was conducted on
Space Shuttle mission 46 (STS-46), which flew July 31 to August 7, 1992. This paper presents a.
detailed description of the space environment exposure for STS-46 and the EOIM-III flight experiment.
An overview of the EOIM-III flight measurements and supporting ground measurements is included in
reference 6.
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FLIGHT SUMMARY

The STS-46 mission altitudes and attitudes were scheduled to accommodate three primary payloads,
of which the EOIM-1II was sequentially the third and final. The orbital inclination was 28.5 degrces and
the solar beta angle (the angle between the orbit plane and the Earth-Sun vector) varied between 17.5
and 24.3 degrees. The STS-46 altitudes as a function of Mission Elapsed Time (MET) are shown in
figure 1. The highest (430 km) orbit, occurring from MET 0-70 hours, was flown to support the release
of the European Retrievable Carrier (EURECA) satellite. The second (300 km) orbit, occurring from
MET 70-140 hours, was for Tethered Satellite System (TSS) operations. The lowest (230 km) orbit
supported the EOIM-III experiment, exposing the orbiter and all payloads to a far denser atmosphere
than the earlier, higher orbits. The molecular density of the atmosphere at the EOIM-III altitude was
approximately 10 times higher than the density at the TSS-deploy altitude, and approximately 100) times
higher than the EURECA-release altitude. Because of the density increase at low altitudes and the non-
ram orientations flown during most of the rest of the flight, approximately 95 percent of the total atomic
oxygen fluence occurred during the EOIM-III portion of the mission.

The environmental exposure of the EOIM-III payload also depended on the attitude of the orbiter
with respect to the direction of flight (ram direction), and with respect to the Sun. The attitude timeline
in figure 2 shows the angle between the cargo bay normal (-Z in orbiter body coordinates) and the
orbiter velocity vector. The angle shown in figure 2 runs from 0 degrees, corresponding to the -ZVV or
ram orientation, to 180 degrees, corresponding to ZVV or anti-ram (heat shield into the velocity vector).
The oscillations between 0 and 180 degrees visible during earlier parts of the mission correspond to
inertial hold attitudes or roll maneuvers. The EURECA-release portion of the flight included periods of
ram attitude and periods of a solar inertial hold, during which time the cargo bay was facing the Sun.
The EOIM-III mass spectrometer was on for approximately 17 hours during this part of the flight. The
TSS-deploy portion of the flight comprised mostly an "airplane mode” orientation, where the cargo bay
was facing away from Earth. The mass spectrometer was on for about 4 hours during TSS operations.

THERMAL HISTORY

The thermal history of the EOIM-III payload was measured by 11 thermocouple sensors placed
behind selected samples and on the EOIM-III payload structure, as shown in figure 3. Because of noise
in the temperature data, and the large number of measurements from each sensor (one sample per
second), the data were appropriately filtered and time-averaged before plotting. Figures 4.1 through
4.11 show the filtered output of the sensors. Temperature variations are consistent with vehicle flight
conditions, with the hottest period for the passive plates occurring during the EURECA-release portion
of the flight. Diumnal variations in temperature are visible in the data (note MET 100-130 hours on the
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Figure 1 — $TS-46 mission altitude timeline. Figure 2 — STS-46 mission attitude timeline.
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figures). Other temperature variations are due to vehicle attitude or operations of heaters on the
temperature-controlled plates.

The thermal mass, thermal conductivity and thermo-optical properties of the thermocouple mounting
assembly determine the temperature reported by the thermocouple sensor. This temperature is only an
approximation of the temperature of any nearby materials samples. The effects of sample thermo-
optical property variations can be gauged by a comparison of the two thermocouple readings from the
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Figure 4.1 — Temperature recorded by the sensor on the
Pallet 2 Sample Disk/Carrier N-8. The temperature
sensor was mounted under aluminized Kapton film with

the Kapton side up.
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Figure 4.2 - Temperature recorded by the sensor on the
Pallet 2 Sample Disk/Carrier N-8. The temperature
sensor was mounted under aluminized Kapton film with
the Aluminum side up.
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Figure 4.3 — Temperature recorded by the sensor on Figure 4.4 — Temperature recorded by the sensor on
the Pallet 2 Sample Carrier N-11. the Pallet 1 (60°C) heated plate at the sample disk.

Pallet 2 Sample Disk Carrier Number 8 sample cells, shownin figures 4.1 and 4.2. The physical
configuration of the two thermocouple sensors was identical, except for sample thermo-optical
properties, and the sensor assemblies were adjacent to each other on the sample carrier (adjacent sample
cells). Thermo-optical properties were determined by the choice of sample material mounted on top of
each sensor; aluminized Kapton film with the aluminum side up in one case (ot = 0.12, € = 0.04, o/e = 3)
and the Kapton side up in the other (o = 0.33, € = 0.82, /e = 0.4). The effect of the rather large change
in a/e can be seen in figures 4.1 and 4.2, where the aluminum-side-up shows significantly higher
temperatures throughout the mission. During the 42 hour EOIM-III period, the average temperatures
were 30.6 degrees Centigrade and 20.0 degrees Centigrade for the aluminum-side-up sensor and the
Kapton-side-up sensor respectively. The extremes of temperature resulting from diumnal variations in
solar heating were from 16.5 to 47.0 degrees Centigrade for the aluminum-side-up sensor and from 5.3
to 36.9 degrees Centigrade for the Kapton-side-up sensor.

Thermocouple sensors on the 200 degree heated tray were placed both on the tray thermostat and in
a sample holder cell. The thermo-optical properties for the sample cell sensor were determined by an
anodized aluminum disk that was identical to the rest of the payload aluminum, so that any differences
between the sensor readings were due to configuration interactions alone. As shown in figures 4.6 and
4.7, the thermostat sensor on the 200 degree tray shows a much smaller diurnal temperature variation
and a significantly higher mean temperature than the sample cell sensor. The mean, maximum, and
minimum temperatures during the EOIM-III exposure (excluding the large temperature drop that
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Figure 4.5 — Temperature recorded by the sensor on Figure 4.6 - Temperature recorded by the sensor on
the Pallet 1 (120°C) heated plate at the sample disk. the Pallet 1 (200°C) heated plate at the sample disk,
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occurred when the heater was off near MET 150
T3-02 hours) were 212.0, 210.2, 215.1 degrees
Centigrade for the thermostat sensor and 183.7,
179.3, 191.7 degrees Centigrade for the sample
cell sensor.
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attitudes were flown. Hence, two different methods were used to calculate the solar exposure.

The Thermal Interactive Mission Evaluation System (TIMES89)(ef. 7 computer program was used
to characterize the solar exposure in the period prior to EOIM-III experiment operations. This program
allows analysis of unshadowed sensing surfaces as they move and re-orient throughout their orbit. The
solar irradiance on the experiment was calculated using the as-flown mission attitude timeline and the
known orbit parameters. While all major attitudes were analyzed (both local vertical-local horizontal
and inertially referenced), simplifying assumptions in the TIMES89 code prohibit modeling of attitude-
to-attitude transitions. Thus, exposure during these periods was approximated by holding the previous
attitude until halfway through the transition period and then instantaneously switching to the new
attitude. The unshadowed sample surface assumption should hold reasonably well for this configuration
as the Sun sensor was located high in the cargo bay and had few potential solar illumination blockers.

For the period of time encompassing EOIM-III operations, the cargo bay was facing into the velocity
vector direction and the majority of the time was spent in either a biased tail-to-Earth or nose-to-Earth
attitude. Since this period of time was of specific interest, a more detailed assessment of the potential
blockage by orbiter components was performed. A detailed geometric model of the configuration was
used and the location of the onset of solar blockage was assessed based on line-of-sight considerations
using the Thermal Synthesizer System (TSS) software.("ef- 8) These data were used in conjunction with
the following equation to determine the accumulated solar flux:

o2
Facc=Scos P J.(-sinozda )=Scos[3[cosa]gf
(5]

where... Facc s the accumulated direct solar flux;
S is the solar flux (assumed unity here, so that FAcc is essentially a scaling
factor);
o] is the terminator exit angle;
o is the orbit angle where blockage begins;
B is the angle between the solar vector and the orbit plane (assumed constant

over a single orbit).

Note that this equation applies only to the case where the orbiter cargo bay faces into the velocity
vector direction. Also, for all locations other than between the orbit angles o1 and a2, FAcc =0 due to
blockage or angles greater than 90 degrees with respect to the solar vector.

If the accumulated direct solar flux is divided by the product of the solar constant and the orbit

Table 1 - Solar Ultraviolet Exposure History

e e———————
——— ————________
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Mission Sun 250-200 nm | 200-150nm | 150-119 nm 121.5nm 119-10 nm
Days” Hours mW/cm? mW/cm? mW/cm? mW/cm? mW/cm?
0-2.0 58 ~2.00x10-! 9.82x10-3 1,10x10-3 8.81x104 3.4x10-4
20-4.0 6.8 2.01x10! 9.85x10-3 1.13x103 9.10x10-4 3.6x10-4
40-58 10.4 2.01x10! 9.89x10-3 1.16x10-3 9.31x104 3.7x10-4
5.8-6.0 0.5 2.02x10! 9.93x10-3 1.17x10-3 9.45x10-4 3.7x104
6.0- 7.0t 4.4 2.02x10°! 9.95x10-3 1.18x10-3 9.51x10-4 3.8x104
7.0 - 8.0 3.0 2.02x10-! 9.99x10-3 1.19x10-3 9.63x10-4 3.8x104

Hours J/em? J/cm? J/cm? J/cm? J/cm? l

Cumulative 30.9 224 1.10 128 103___| 04 ||

* Mission-elapsed time in days. The numbers shown represent the beginning time and end time of the
measurement interval in days.

t EOIM-III exposure period.



period, the result is equivalent Sun hours. The solar exposure is calculated by multiplying the
equivalent sun hours h}l the UV/VUV fluxes measured by the Solar-Stellar Comparison Experiment |
(SOLSTICE)(refs. 9,10,11) on the Upper Atmosphere Research Satellite (UARS). The resulting solar
exposure values are presented in table 1. 1t should be noted that the short wavelength limit for
SOLSTICE is 1 19nm, so the interval 119 to 10 nm are not measurements, but are from a model that uses
the solar 10.7 cm radio flux.(ref. 12} Due to the shape of the solar spectrum, the 150-200 nm irradiance
consists of about 80 percent from the 180-200 nm flux, and the 119-150 nm irradiance consists of about
80 percent from the Lyman-a flux at 121.5 nm. The 1-6 uncertainty for UARS measurements is 5
percent, and the 1-o uncertainty for the extreme ultraviolet model results is 30 percent.

ATOMIC OXYGEN FLUENCE

The atomic oxygen fluence is determined in three different ways. First, the AOFLUX computer
program(ref. 13)_which incorporates the MSIS-86 aimospheric model and the as-flown Space Shuttle
trajectory, was used to calculate oxygen atom fluence. Second, the oxygen atom f{luence was measured
directly from Kapton film erosion, as corrected for configuration interactions produced by the sample
holder. The Kapton film erosion measurements are discussed in detail in reference 6. Finally, ambient
oxygen atom measurements were made using a mass spectrometer that was calibrated before and after
the mission in the High Velocity Q-atom Beam (HVAB) system at the Los Alamos National Laboratory
(LANL).(ref. 1) Al] fluence estimates are summarized in table 3.

AOFLUX Calculations

The AOFLUX program(tef- 13) written to calculate the expected O-atom fluence, was based on the
MSIS-86 atmospheric model(efs- 2,3) and the as-flown timeline, which included the altitude, latitude and
longitude. Solar activity parameters recorded during STS-46 at the Space Environment Services Center
(National Oceanic and Atmospheric Administration) were used to account for the magnetic substorm
activity observed during EOIM-III. Mission-specific values for the daily-average A geomagnetic
activity and the daily solar F10.7 values are given in table 2.Gef. 15)

The O-atom densities calculated from MSIS-86 were used with the velocity of the spacecraft to
calculate the total flux to the spacecraft. Integrating the total flux throughout the mission gives a total
fluence to the spacecraft (before orientation effects are included) of 3.4x1020 O-atoms/cm?. The total
flux at each time increment was multiplied by the cosine of the ram angle (shown in figure 2) to obtain
the net flux to the EOIM-III payload (shown in figure 5). Note that the fluxes for angles greater than 90
degrees were simply set to zero. By integrating the net flux throughout the mission, the fluence to the
EOIM-III payload is calculated to be 2.3x1020 O-atoms/cm? (see table 3). Ninety-five percent of this
net fluence occurs during the low-altitude ram

orientation, as can be seen in figure 5. Table 2 - Daily-Average A, Geomagnctic Activity Values

and the Daily Solar F10.7 Microwave Flux Values Used in the

Kapton Recession Measurements AOFLUX/MSIS-86 Calculations(rel- 15)

Measurements of Kapton polyimide surface H Daily Daily | 90 day average I
recession or weight loss made following several Date Ap F10.7 I'10.7
previous Low Earth Orbit (LEO) flight I 073171992 11 103.0 1250
experiments(efs. 4.16,17) have produced the widely [|__08/01/1992 09 110.0 1250
accepted value of the Kapton reaction efficiency fl__08/02/1992 06 125.0 124.0
of 3.040.3x10-24 cm3/atom. MSIS-86 was used to || __08/03/1992 05 131.0 124.0
calculate the O-atom fluence needed to calculate 08/04/1992 13 131.0 1240
polymer reaction cfficiencies in all previous LEO 08/05/1992 43 1310 124.0
flight experiments. In order to determine the 08/06/1992 19 138.0 124.0
EOIM-III O-atom fluence using Kapton surface 08/07/1992 42 141.0 1250
recession or weight loss measurements, without “ 08/08/1992 22 144.0 125.0 l

referring indirectly to MSIS-86 calculations, an
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Figure 5 — Atomic oxygen flux on the EOIM-III payload during STS-46, as calculated using the
MSIS-86 atmospheric model with daily average A, and F10.7 values. Note the magnitude of the
diumal variations during the ram period between hours 142 and 185.

independent measurement of Kapton reaction efficiency was conducted in the HVAB at LANL as
described in reference 6. The EOIM-III O-atom fluence based on the LANL measurement of the Kapton
polyimide reaction efficiency is 2.330.07x1020 atoms/cm?2 based on weight loss and 2.4+0.09x1020 O-
atoms/cm? based on surface recession measured by profilometry. The various O-atom fluence
determinations for EOIM-III are summarized in table 3 where it can be seen that MSIS-86 calculations,
mass spectrometer measurements and Kapton weight loss or profilometry measurements produce nearly
identical fluence determinations.

Mass Spectrometer Measurements

The EOIM-1I1 quadrupole ion/neutral mass spectrometerrel- 18) scanned a mass to charge ratio range
of 0 to 72 amu/unit charge every 5.12 seconds with a digital resolution of 0.142 M/e/channel (512
digital data channels cerresponding to 0-72 amw/unit charge). The mass spectrometer resolution
(AM/M) calculated as mass peak width (full width at half maximum) at mass 28 was .011 throughout the
mission and during the pre and post flight calibrations. The mass spectrometer output signal was
logarithmically amplified, which permitted the display of seven orders of magnitude in mass
spectrometer detector current in a 0 to 5 volt analog signal that was then digitized with an 8-bit analog-
to-digital converter. Mass spectra were produced in either ion or neutral operating mode. In neutral
mode, a repeller grid excluded naturally occurring ionospheric ions and neutral gaseous species entering
the ion source were ionized by electron impact. In ion mode, the repeller grid and the filaments
producing electrons for electron impact ionization were shut off and naturally occurring ionospheric ions
entering the ion source volume were mass analyzed and detected.

Approximately 46,000 mass spectra were recorded during STS-46. Prior to the beginning of
EOIM-III operations, the mass spectrometer operated in the ion and neutral mode in alternating one
minute time periods. During EOIM-III operations, ion and neutral mass spectra were recorded
according to a predetermined sequence which also involved periodic observation of the gaseous and
plasma environments in the various carousel sectors. For a comparison of mass spectrometer to
MSIS-86 data, it is useful to calculate the MSIS-86 fluence during the time that the mass spectrometer
was on, tilted up, and measuring neutral species. The on-time MSIS-86 fluence is
I.1x1020 O-atoms/cm2, or 48 percent of the net MSIS-calculated fluence.
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The primary objective of the EOIM-HI mass
spectrometer experiment was to measure the O-
atom fluence for comparison with the fluence
calculated using the MSIS-86 model of the
thermosphere. The mass spectrometer was
subjected to an extensive calibration process both
before and after the flight(ref. 14) (o permit
accurate quantitative estimates of O-atom flux and
fluence from the mass spectrometer data. The O-
atom fluence was determined from the mass
spectrometer data as follows. First, the mass
spectrometer data were divided into 5-minute
intervals corresponding to the 5-minute intervals
used in the MSIS-86 calculations. Within each 5-
minute interval, all complete, valid spectra
appropriate for use in neutral flux and fluence
calculations were averaged. Figure 6 shows a
typical 5-minute-average spectrum taken early in

H§~02 Current (microamps)

MET 523080-523380

T

I
60 65

1 I 1 1 1 1 1 1 | I 1
5 10 1% 20 2% 10 35 40 4% S0 5%

70 7

=]

Mass {kin * . 142)

Figure 6 — A typical five-minute-average spectrum from the

early part of the low altitude ram period.

the EOIM-III ram exposure period. Figure 7 shows an overview of the 5-minute-average spectra taken
throughout STS-46. In figure 7, an additional averaging of 12 adjacent S-minute-average spectra was

included to reduce the line density of the plot.

Figure 7 — Neutral spectra from the EOIM-III mass spectrometer.

The data have been averaged into 1-hour time blocks for a

qualitative view of the entire STS-46 mission. The start of the mission is towards the front of the picture, and flat lines
indicate the times when the mass spectrometer was either turned off, facing the carousel, or in ion mode.
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The 5-minute-average spectra were used to
calculate O-atom fluence. Mass peak areas (peak
sums), not peak heights, were used throughout in
order to obtain the best possible signal to noise
ratio. Peak sums, which retained the units of
Amperes, were calculated by summing the mass
spectrometer signal amplitude in the seven
adjacent digital data channels containing a mass
peak. The unmodified peak sums for the M/c =
16, 28, and 32 peaks (O, Nj, and O3) are shown in
figures 8 through 10. To calculate the O-atom
flux, the peak sum at M/e = 16 was corrected [or
contributions from M/e = 16 fragment ions from
molecular oxygen and water by subtracting 26
percent of the M/e = 32 (O3) peak sum and 1.7
percent of the M/e = 18 (H,0) peak sum, as
shown in figure 12. The O-atom flux that
produced each 5-minute-average spectrum was
then calculated by multiplying the corrected
M/e = 16 peak sum by a calibration function
described below. The O-atom fluence was then
determined by adding up the fluences for the
various 5-minute periods.

The calibration function was derived from
both ground based calibration of the mass
spectrometer in the HVAB at LANL and mass
spectrometer performance data from STS-46
itself. The EOIM-III mass spectrometer showed
an O-atom fluence dependent sensitivity decay
both in the HVAB at LANL and during STS-46.
However, different sensitivity decay functions
were observed in the lab and on orbit as shown in
figure 11. For this reason, the zero-fluence O-
atom flux calibration factor determined in the
HVAB at LANL was used with an empirical
sensitivity decay function derived from a {it to the
corrected M/e = 16 pegk sum data from STS-46 to
produce the calibration function:

_ 0.006
Y = 0.0047968 - 0.0022472*10g(MET-142.5)

Using this calibration function, the corrected
O-atom peak sums, and the percentage of mass
spectrometer on-time, the measured EOIM-111
mission fluence is 2.330.7x1020 O-atoms/cm?2.

The EOIM-III mass spectrometer was
calibrated for direct measurement of high velocity
O-atom flux both before and after flight on
STS-46 in the HVAB at LANL. Details of the
calibration methodology, and a summary of
calibration methods and results have been
reported previously.(ref- 14) Calibration studies
were conducted over a period of several years
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Figure 13 - Atomic oxygen flux calculated using the empirical fit to the O-atom peak (solid line).
For comparison, the MSIS-86 flux is shown (dashed line).

prior to STS-46 as well as after the mission. In general the EOIM-III mass spectrometer showed
excellent stability with the O-atom flux at low O-atom fluence, showing a maximum variation of 5
percent and the partial pressure sensitivity for nitrogen gas varying by less than 10 percent. Some
changes in the fragmentation yield of O+ were, however, observed so that the 10 percent correction
factor reported in reference 14 was increased to 26 percent for O-atom fluence calculations as a result of
thermal gas calibration measurements conducted prior to and just after STS-46. It should be noted that
the calibration results reported in reference 14 were obtained before the O-atom fluence sensitivity decay
was observed. A more complete description of mass spectrometer calibration is forthcoming.

EOIM-II1 CONTAMINATION

Since atomic oxygen effects are affected by contamination, deposits on sample surfaces were
measured both in flight and post flight. In flight measurements were made using quartz crystal
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Table 3 — Summary of EOIM-III Atomic Oxygen Fluence Estimates

: Mment Method Fluence | Measurement Uncertaint
AOFLUX (MSIS-86) calculation 2.3x10%0 +0.35x100
‘ o (15% estimated from MSIS)
| Kapton Erosion Weight Loss (3 Samples) 2.34x10<0 +0.07x10%°
(weight loss uncertainty)
Kapton Erosion Profilometry (4 Samples) 2.41x1020 +0.09x1020
7 (profilometry uncertainty)
Mass Spectrometer - Empirical Calibration from In- 2.3x1020 (TBD)
Flight Data
microbalances (QCMs) in the Environment ' EMP QCM #1 DEPOSITION
Monitor Package (EMP? rovided by Goddard - UNCOATED CAYSTAL
Spaceflight Center.ef. 19 The EMP : : : : :
contained five QCMs — four coated with O SO OO SRS SO SUUUOTONE SRR O SON

reactive materials and one not overcoated —
and was located to the side of pallet one as
shown on the right in figure 3. Response from
the uncoated crystal for the entire mission is
shown in figure 14 and is representative of the
response of all five microbalances. A large
amount of contamination (~ several thousand
Angstroms) is indicated and most of the

QCM FREQUENCY $i2)
Thovsundn
H
:

deposition occurs during the EOIM-I portion | [enemomar J, 7\, 7 @ﬁ]
of flight. Because of the inconsistency of 5 5 f ’ ‘ f

these results with the numerous post flight . : : : - : :

XPS surface analyses which show only small M e She Sa e Sa Ga T B
amounts of contamination on the top plates of . MISSION TIME

the experiment, it is expected that the EMP Figure 14 - EMP QCM #1 (uncoated crystal)

was contaminated from a source below the frequency change during the flight.

pallet top, but within the EOIM-III hardware.

The results of the post flight contamination survey of the EOIM-III payload are shown in table 4.
X-ray photoelectron spectroscopy (XPS) was used to provide measurements of the elemental
composition and state of chemical combination of the near-surface region (10-50 Angstroms from the
surface) of the sample. Samples were surveyed for a variety of elements but only silicon was identified
as different from the substrate composition and is reported in table 4. For all the surfaces measured, the
substrate elements were evident in the XPS spectra indicating that the contaminant layer was less than
20 Angstroms. It can be concluded from the XPS results that a small amount of contamination did
deposit on the experiment top pallets but is insignificant and should not affect the atomic oxygen
measurements.

Additional evidence confirming the relatively low levels of contamination occurring on EOIM-III
samples are the measured reaction efficiencies of Kapton and other polymer films which were in good
agreement with measurements made on STS-8 and STS-41 and LDEF, as well as the performance of the
atomic oxygen monitors (AOMs) provided by Marshall Space Flight Center.(ref. 20) The AOM consisted
of an array of thin film carbon resistors which showed increasing resistance as the carbon is removed by
O-atom reaction. The AOMs showed a constant or slightly increasing rate of resistance change
throughout the EOIM-III ram period which would not be observed if a coating of SiO were
accumulating on the carbon resistor surfaces at the rates indicated by the EMP.
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Table 4 - EOIM-III X-ray Photoelectron Spectroscopy contamination survey

PAYLOAD LOCATION SAMPLE TYPE ATOM % sT“

mass spec. ram Silver/Teflon 44

mass spec. payload bay view Silver/Teflon ] 12.2

mass spec. starboard Silver/Teflon 0.0

mass spec. ram Kapton tape (exposed) 7 3.2

mass Spec. ram Kapton tape (unexposed) 0.0 "

VET mount steel washer (exposed) 2.7

SUV mount | steel washer (exposed) 0.0

60° C tray steel ground strap 38
polysulfone (exposed) 0.8
polysulfone (unexposed) 0.0
Mylar-A (exposed) 24
Mylar-A (unexposed) 0.0
aluminum 7.1
steel washer 7.7
Kapton (exposed) 2.0
Kapton (unexposed) 0.0
aluminum 94 |
aluminum 6.6
7 polymer films B 38126

SUMMARY AND CONCLUSIONS

A detailed characterization of the EOIM-III materials exposure environment has been completed.
The atomic oxygen fluence calculated using the MSIS-86 model of the thermosphere and as-flown
Space Shuttle trajectory data (combined with the daily measurements of the solar activity and
geomagnetic indices) is in good agreement with mass spectrometer and O-atom dosimeter measurements
made during STS-46. Temperature measurements made during EOIM-III provide a complete thermal
history of the payload and provide the investigators with useful sample temperature histories. UARS
investigators provided solar UV and VUV measurements which, combined with the STS-46 trajectory
and vehicle attitude data, allow calculation of net solar UV and VUV radiation doses to the EOIM-III
materials samples. Post flight XPS analysis of materials samples as well as in-flight performance of the
AOM both demonstrate that contamination of EOIM-III was, in fact, nominal and in no way interfered
with the scientific and programmatic objectives of the payload. The severe contamination indicated by
the TQCM sensors in the EMP component of EOIM-III was localized in the immediate vicinity of
the EMP.

The detailed characterization of LEO exposure conditions during STS-46 reported above provides
the investigator community with the necessary foundation for a complete interpretation of the effects of
the LEO space environment on the materials and instruments flown on EOIM-III.
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SUMMARY

A passive tray was flown on the Effects of Oxygen Interaction with Materials experiment on STS-46
(EOIM-III) with 82 samples from The Aerospace Corporation. A variety of advanced materials related to
potential uses on future spacecraft were included for evaluation representing optical coatings, lubricants,
polymers, composites, carbon-carbon composite protective coatings, graphite protective coatings, thermal-
control materials, and some samples of current materials. An overview of the available results from the
investigations of these materials is presented.

INTRODUCTION

The third experiment on the Effects of Oxygen Interaction with Materials (EOIM-IIT) was flown on
STS-46. This mission was launched on July 31, 1992. On day 5, after deployment of Eureka and the tests
of the Tethered Satellite System, the shuttle altitude was dropped to 124 nmi. The shuttle was oriented in a
-Z orientation for 42 h, with the nose of the shuttle towards earth and the cargo bay into the velocity vector
for the EOIM exposure to atomic oxygen. The fluence for the exposure was determined to be 2.3 £0.1 X
1020 oxygen atoms/cm? based on Kapton film erosion measurements, flux calculations using MSIS-86 with
the as-flown orbit, and mass spectrometer measurements on EOIM-IIL.

The EOIM-III experiment submitted by The Aerospace Corporation consisted of one ambient-
temperature tray with 82 samples (see Appendix I) and 19 samples placed on trays designed to have con-
trolled temperature at 60°C, 120°C, and 200°C (see Appendix II). The actual temperatures from flight data
showed that the ambient-temperature trays varied from 0°C to 43°C during the 42-h exposure, and the
controlled-temperature trays were 58—80°C, 114-129°C, and 178-186°C.

The ambient-temperature tray was supplied by NASA-Johnson Space Center (ID No. 12). The samples
were loaded into the tray at Aerospace and included a sample facing down in the tray as a flight control
whenever possible. In addition, many samples had ground controls that were not flown. Many of the
samples are vacuum-deposited coatings that did not initially experience additional vacuum conditioning upon
receipt at Aerospace. The other samples had all experienced at least 24 h of 10-6 torr or less at room tem-
perature. Many of the samples had also been in high-vacuum systems for pre-flight analyses by X-ray
photoelectron spectroscopy (XPS) or scanning electron microscopy (SEM). Samples 22 and 23, with RTV
566 adhesive bonding silver interconnects, were held at 65°C for 24 h at pressures reaching into the 109 torr
range. In response to a NASA request, the assembled tray with all samples except numbers 28, 29, 30 and
31 was placed in a vacuum chamber on a table maintained at 65-73°C for an additional 72 h. Pressures of
~2.1 x 106 torr were obtained initially and reached 5 x 10-8 at the conclusion of the bakeout. A residual
gas analysis during the outgassing detected only water vapor. At room temperature, the final pressure was 5
x 109 torr. A Germanium ATR witness plate was placed in the chamber during the outgassing and showed
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no detectable IR bands. Samples 28 and 29 were vacuum deposited and maintained at 65°C for 24 h with
pressures of 2 X 108 to 5 x 109 torr. Samples 30 and 31 are typical optical components vacuum deposited
by OCLI with preflight characterization that could not be repeated if included in the 65°C outgassing. All
other samples, including all tray hardware, were included during the 65°C outgassing.

After the mission, the ambient tray was retrieved at NASA Kennedy Space Center and returned to
Aerospace. Each sample was photographed immediately after removal from the tray. The controlled-
temperature samples were removed from their fixture at NASA JSC and returned to Aerospace. The sam-
ples were then returned to the individual investigators for further study. Results on thermal-control materials
are included elsewhere in these proceedings (ref. 1). Selected results will be presented here to give an
overview of the results from the Aerospace tray.

RESULTS

Surface Contamination Analysis

Surface analysis by XPS of eight of the EOIM-III samples, which did not intrinsically contain silicon,
listed in Table I, was used to evaluate surface contamination effects. Post-flight analysis of each sample was
compared either to the pre-flight analysis results for the same sample, or to analysis of a ground-control
sample made at the time of the post-flight analyses. A variety of surface changes was measured in the post-
flight analyses, including contaminant deposition, surface oxidation, and surface stoichiometry changes.
The major class of surface contaminant appears to have consisted of silicones. Surface silicon concentration
increased from 4 to 11 atom % post-flight, with an average of 7 atom %. This implies the deposition of
more than one monolayer of silicone on the flight-exposed samples.

The measured silicon concentrations were higher by a factor of 2 on the vanadium carbide samples
located on the heated trays, compared to the silicon concentrations on the other samples in Table II located
on the ambient-temperature tray. A quartz crystal microbalance experiment from NASA-Goddard located
near the EOIM-III heated trays experienced significant weight gain on flight, which has not yet been

Table I. Silicon Concentration from XPS Analysis

Atom %
Material Ground Control Prer-ﬂight Analysis_l Post-flight Analysis | Increase in Si
p — — —— 4
SXA Mirror, E3-40 — not detected 7.5 7.5
Cr on Graphite, E3-53 0.5 — 6.1 5.6
VC on Graphite, 60°C, 0.4 — 10 10
E3-60-4
VC on Graphite, 120°C, 0.4 — 11 11
E3-120-4
VC on Graphite, 200°C, 0.4 11 11
E3-200-3
Anodized Al, E3-9t - 5.7 11 5
ChemglazeA276, E3-251 — 5.5 12 6
2306, E3-101 - 15 19 4

tSample cut from éxposed LDEF hardware, trailing edge.
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completely explained. These data indicate the possibility for non-uniform contaminant deposition from
localized sources on the EOIM-III experiment or from the Shuttle.

The contamination levels on the EOIM-III samples can be compared to those measured by XPS on a
variety of LDEF samples (ref. 2). The average post-flight increase in silicon concentration for non-
polymeric, leading-edge LDEF samples exposed for the duration of the mission was 17 atom %. By con-
trast, a nickel mirror sample exposed on-orbit only for 300 days had only a 2.5 atom % increase in Si sur-
face concentration. This implies that both EOIM-III and LDEF samples may have received some silicone

contamination from Shuttle sources.

Polymers

Polymers flown on the Aerospace EOIM-III experi-
ment are shown in Table II. The atomic-oxygen erosion
was determined by both weight loss measurements and
profilometry. All of the samples were weighed pre-
flight after conditioning to constant weight in a desicca-
tor. Post-flight weights were measured in the same
manner to determine the mass loss due to atomic-oxygen
erosion of the polymer. In addition, an erosion step was
formed by the beveled retainer ring on the front edge of
the samples. This retainer created a protected and an
exposed region that formed a circular crater on the sam-
ple. Surface profiles were determined with a Sloan
Dektac 3030 at a minimum of three locations around the
circumference of the crater to measure the step created
from erosion of the polymer. There was good agree-
ment between the two reactivity measurements. For ref-
erence, Kapton reactivity has been measured many times

Table II. Atomic Oxygen Erosion of Polymers

Reactivity
(ecm3 X 10-24/0 Atom)

Material Profilometry | Weight
Black Kapton (Old) 21+03 2.6
Black Kapton (New) 1.2+0.1 1.0
6FDA + APB (spin) 26103 2.1
6FDA + APB 24106 1.6
(spray)
6FDA + APB (both) 2505 1.85
6FDA + DDSO2 1.3+0.3 0.3
BFDA + 4BDAF 23+0.1 1.9
BTDA + 4,40DA 34105 2.7

and is accepted to be 3.0 x 10-24 cm3/0 atom. The black Kapton included in this test was carbon-filled and
consistently indicated a difference in reactivity between the old and new black Kapton obtained at different
times. The measurements of the fluorinated polymers are slightly more variable.

For the black Kapton samples, thermal property measurements were also performed (Table III). Some
increase in solar absorptance was observed from erosion of the Kapton. The emissivity changes were
slightly higher for the old black Kapton for the atomic-oxygen fluence experienced on EOIM-III, but no

significant change was seen for the /€ ratio.

Table ITI. Thermal Property Changes of Black Kapton on EOIM-III

Emissivity (g)

Sample Orientation In Tray | Solar Absorptance (o)
—'-‘Old" Black Kapton Up 0.988
“Old” Black Kapton Down 0.930
“New” Black Kapton Up 0.989
“New” Black Kapton Down 0.929

0.928
0.887
0.867
0.871

a/e

1.06

1.05
1.14
1.07
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Zinc Sulfide

Another EOIM-III experiment examined the oxidation of zinc-sulfide-coated lenses of an Earth-viewing
sensor. Degradation of these lenses (loss of transmission at 14—16 m) has been observed during solar
maxima, when the density of atomic oxygen (AO) is highest. The degradation was, therefore, postulated to
result from the interaction of AO with the lens material. In order to measure the kinetics of oxygen diffusion
and reaction with the zinc sulfide coating, and thereby predict the extent of oxidation on the orbiting satellite,
samples were flown on EOIM-III at three different temperatures:
ambient, 60°C, and 120°C.

The EOIM-III lens samples exhibited no change in their Table IV. Increase in oxygen content of
infrared optical properties. However, all lens samples exhibited ~zinc sulfide lens surfaces as determined
extensive visible degradation in the area of AO exposure. X-ray by XPS.
photoelectron spectroscopic (XPS) measurements of the sur-
faces of the lens samples indicated that they were severely oxi-
dized (see Table IV), and that the extent of oxidation increased

Lens sample Increase in Oxygen
(atomic %)

with temperature. This temperature dependence suggests that the Ambient #3 18
oxidation is diffusion-limited. Secondary Ion Mass Spectrometry Ambient #4 16
(SIMS) of the lenses was also performed to measure the oxygen 60 °C 22
concentration profile as a function of depth. The SIMS data 120 °C 31

showed that the higher the temperature of the lens during the
Shuttle exposure, the greater the depth of oxidation.

Currently, the oxygen concentration data are being fit to a diffusion model. Preliminary modeling results
suggest that the energy of diffusion is quite low (Edif < 10 kcal/mole). The sensor lenses are exposed to a
lower AO flux environment on the satellite than in the Shuttle bay, but are exposed to AO for a much longer
period. The low energy of diffusion suggests that the extent of oxidation of the lenses on the satellite would
be less than that observed on the EOIM-III samples. The lens degradation on the satellite would, therefore,
have to be attributed to another degradation mechanism, such as contamination, or to synergistic effects such
as simultaneous exposure to AO and UV light. (The lenses on the satellite were exposed to a higher intensity
of UV light.) Completion of this modeling effort will clarify these resuits.

Optical Coatings

The optical coating configurations flown on the Aerospace tray are shown in Table V. Five of the sam-
ples were in virgin condition, and three received combined electron/proton/UV exposure in an experiment
designed to ascertain the effect of on-orbit radiation on the optical and nuclear survivability of the coatings.
These three samples were otherwise duplicates of three of the five virgin samples. The preconditioned
samples received a dose of 2 x 1016 electrons/cm? at 40 keV, 3 x 1016 protons/cm? at 40 keV, and 1000
equivalent sun-hours UV exposure at a rate of 2 suns.

Companion samples to those flown on the Aerospace tray were tested at the atomic-oxygen exposure
facility at Los Alamos National Laboratory. The fluence was 2 x 1020 atoms/cm? except for 240A-2, which
received 1.8 x 1020 atoms/cm?2. The optical scatter from each sample was characterized before and after
each atomic-oxygen exposure.

Comparison of the results of sample exposure on EOIM-III and at Los Alamos National Laboratory do
not prove to be consistent. Two of the coating configurations show more scatter increase when fielded at
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LANL, and four configurations showed greater increase on the EOIM-III experiment. However, many of
these coatings also showed extensive deterioration of laboratory control samples (ref. 3).

Table V. Optical Coatings

Composlition

100 A Al2O3 / 2400 A BN // Fused Silica

100 A Al2O3 /2400 ABN / FS

( pre-exposed to e /UVH?)

2150 A BN // Fused Silica

2150 A BN // Fused Silica
(pre-exposed to e /UV/H)

1500 A BN/ 300A Al// FS

1500 A BN / 300A Al // FS
( pre-exposed to e /UVHY)

Magnesia-doped AlpO3 / SiO2 Muttilayer //

FS
200 A Si02 /1000 ATIN/ FS

EOIM-1il Results

Increase in scatter (129%)
Blister diameter increase by
258%

Slight erosion

Decrease in scatter (74%)
Blister diameter increase by
223%

Heavy erosion

HUGE increase in scatter
(261%)

slight erosion

No change in scatter (103%)
Moderate erosion

Increase in scatter (141%)
No erosion evident

Increase in scatter (116%)
No erosion evident

No change in scatter (99%)
No other response

Increase in scatter (132%)
No erosion evident

LANL Results

Increase in scatter (111%)
Blister diameter increase by
118%

Slight erosion

No change in scatter (103%)
No change in blister diameter
Moderate erosion

Increase in scatter (121%)
Many small blisters

Increase in scatter (121%)
Moderate erosion

No change in scatter (103%)
Exposed area appears brighter
No erosion evident

Not tested
Not tested

Increase in scatter (112%)
No erosion evident

TiN and BN samples provided by Jaycor

Lubricants

Sputter-deposited MoS, lubricant films are used on a variety of spacecraft mechanisms, including

release/deployment devices and some precision bearings. However, MoS can oxidize into MoO3, which is
an inferior lubricant having low endurance and a relatively higher friction coefficient. Humid ground storage
promotes oxidation (ref. 4). Atomic-oxygen exposure in ground tests has been found to cause surface oxi-
dation to a depth of 9 nm (ref. 5). Most MoS, films have generally had as-deposited porous microstructures
with (100) or (110) orientation. During sliding or rolling contact, lubricant particles would detach and reori-
ent such that the (001) orientation (the active plane of slip) would become parallel to the surface. This bur-
nished orientation is believed to have more oxidation stability. Films having dense, (001) oriented
microstructures as-deposited have recently become available (ref. 6). These newer films were developed
under BMDO auspices (PMA F1504 Materials and Structures Program) for precision gimbal bearings that
would be used in sensor acquisition, tracking, and pointing mechanisms.

A series of MoS, films (deposited onto 440C steel) having different microstructures were flown on
EOIM-III on several trays. The films were characterized structurally (SEM), chemically (AES/XPS), and
tribologically (sliding friction coefficients in air and in UHV) by Sandia (PI: Michael T. Dugger) (ref. 7).
Films having traditional (100)-oriented microstructures, prepared by Aerospace, were loaded onto a tray of
the University of Alabama. Films with denser microstructures were flown on a JPL tray (Ovonics/OSMIC
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0.7nm Ni/10nm multilayer MoS, film with 50 nm overlayer of pure MoS;; Hohman cosputtered 20%
SbO,-MoS,) or an Aerospace tray (Ovonics/OSMIC 0.9nm Au-20% Pd/10nm multilayer film with 50 nm
overlayer of pure MoS,; Naval Research Lab MoS; prepared using ion-beam-assisted deposition [IBAD]).
All films were 1-um thick. Duplicate samples were flown so that for each film type, one sample was
exposed to AO, and one was shielded (flight control). Additional ground-control samples were prepared
and characterized.

Post-flight analyses of these films are still in progress, though there is some preliminary data available
(ref. 7). Of the newer films, microscopy has shown that the Ni-multilayer films exposed to flight AO have
developed cracks and delaminated regions. The Au-multilayer (SbOy-cosputtered) and the IBAD films did
not have cracks or delaminated regions. Post-flight sliding tests in air have been conducted on these dense
films. In the AO exposed regions, initial friction coefficients 3—4x above baseline were observed for the
first 10 to 100 cycles before friction values dropped to baseline levels. The data suggests that a thin layer of
MoO; had formed, which was quickly removed in sliding; this is consistent with the ground test AO exper-
iments (ref. 5). From a design viewpoint, the preliminary data indicates that the Ni-multilayer films should
be avoided for use as a lubricant on AO-exposed mechanisms because of coating fracture/delamination. The
other dense lubricants may be more suitable for such mechanisms if the devices are not used continuously,
although designers should anticipate higher initial friction coefficients after periods of inaction on exposed
mechanisms if these lubricants are used. If the mechanisms are used continuously, these lubricants would
appear to require shielding from AO to avoid continual oxide formation that would accelerate wear.

Composite Materials

Three composite samples were flown—two graphite-fiber-reinforced, polymer-matrix composites and
one silicon-carbide, whisker-reinforced, metal-matrix composite. The metal-matrix composite was a flat
mirror fabricated by Advanced Composite Materials Corporation (ACMC) and provided to NSWC. The
mirror consisted of a low-density (0.42 g/cc) silicon carbide/aluminum (SiC/Al) foam core approximately
0.2-in. thick with SiC/Al surface foils. The 0.020-in. thick surface foils were applied with Sn96 Sn-Ag sol-
der after an electroless nickel coating was applied to both bond surfaces. The planar mirror surface was then
prepared by OCA Applied Optics. One of the SiC/Al face sheets was plated with an electroless nickel coat-
ing, which was polished to form the planar mirror finish. The final subsize mirror was 0.25-in. thick and
0.5-in. in diameter and had a density of approximately 2.0 g/cc.

The mirror surface was characterized preflight and postflight by total integrated scattering (TIS) to quan-
tify its reflective properties and by XPS to determine the surface chemistry. The XPS data (see Table VI)
provided evidence of several surface effects from the low earth orbit exposure, including contamination
deposition, oxidation, and stoichiometry changes. Electroless nickel typically contains several percent
phosphorous, which is in solution in the Ni or present as nickel phosphide, depending upon the concentra-
tion and heat treatment (ref. 8). The target phosphorous concentration for the mirror surface was relatively
high (12 wt.%) so that a high fraction of Ni3P would be expected. XPS indicated that the Ni:P atom ratio

Table VI. XPS Data for SXA Mirror, EOIM-1II

Surface Atom % (Normalized)
c o) Si Ni P N s Ci Na Ca

MW

Pre-Flight 25 31 nd 20 13 nd nd nd 13 1.0
Post-Flight 16 53 7.5 21 0.5 nd 0.2 0.2 0.5 0.3
Note: nd = not detected and tr = trace.
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on the surface changed from 2.2 preflight to 42 post-flight, while the phosphide-to-phosphate ratio changed
from 2:1 to 1:1. These results indicate surface oxidation accompanied by a depletion of phosphorous from
exposure to atomic oxygen. The extreme phosphorous depletion is assumed to result from the formation of
volatile oxides and could lead to serious long-term surface degradation, such as pitting. SEM did not reveal
any damage to the polished surface from the short-term EOIM-III exposure. However, atomic force micro-
scopy performed by Advanced Materials Laboratory, Incorporated (ref. 9) gave indications of isolated pit-
ting. Surface roughness measured over a 1-um square was around 4 nm in the pitted areas versus less than
1 nm in typical areas. However, for most areas evaluated, the surface roughness was essentially the same in
the exposed areas as in masked areas that were protected from atomic oxygen. The scattering measurements
indicated that mirror performance was degraded. TIS increased by 100% from 0.0073 preflight to 0.0146
postflight, and the total hemispherical reflectance decreased by 7% from 0.537 to 0.498. Thus, some
degradation of the mirror surface occurred and is probably related to the chemical changes. Similar results
were reported (ref. 10) for polished electroless nickel surfaces flown on STS-35.

The polymer matrix composites included a P755/934 graphite/epoxy composite with an eight-ply
(90/£30/90) lay-up and an AS4/PEEK graphite/thermoplastic composite with an eight-ply (0/45/90/-45)4
lay-up. Mounted and polished cross sections were flown to obtain atomic-oxygen erosion surfaces in which
the fibers and matrix were clearly distinguishable to serve as standards for the interpretation of LDEF ero-
sion morphologies. Most polymer matrix composites flown on LDEF had either the coarse "Christmas tree”
or cone-like structure exemplified by P755/934 in Fig. 1a, or a fine, acicular structure as shown by Celion
6000/PMR-15 graphite/polyimide in Fig. 1b. The initial surfaces on LDEF samples were all as-fabricated
surfaces so that it was not possible to distinguish between fiber and matrix areas on the eroded surfaces.
Although it was not possible to identify parameters that controlled the erosion morphology, there did appear
to be some correlation between the graphite-fiber type and the erosion features. Composites with higher-

P75S/934 CELION 6000/PMR-15
GR/POLYIMIDE

.

60pum (b

Figure 1. Scanning electron micrographs of atomic-oxygen erosion features of graphite-fiber-reinforced
polymer matrix composites flown on LDEF.
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modulus fibers (P75S and GY70) usually had the coarse Christmas tree features, while composites with
lower-modulus fibers (Celion 6000 and T300) had the finer, acicular structure (ref. 11). Therefore, this
experiment was performed to obtain controlled-erosion surfaces in which the fibers and matrix could be dis-
tinguished from each other. The composite systems were selected based on the differences between the
relatively low modulus (34 x 106 psi), polyacrilonitrile-precursor AS4 fiber and the higher modulus (75 x
106 psi), mesophase pitch-precursor P75S fiber.

Several observations were made from SEMs of the erosion surfaces as shown in Fig. 2. The 934 epoxy
and PEEK thermoplastic matrix erosion rates were significantly higher than those for the P75S and AS4
graphite fiber, respectively. The erosion morphologies were similar for the two polymer matrices. Similar
erosion features were observed on the ends of the AS4 fibers, perpendicular to the fiber axis, and on the
sides of the fibers, parallel to the fiber axis. Although not shown in Fig. 2, the P75S fiber also showed no
orientation dependence for the erosion morphology. Finally, the P75S fiber eroded with a more uniform,
finer structure than the AS4 fiber. This is contrary to the result anticipated from LDEF observations.
Unfortunately, this experiment did not enable interpretation of LDEF atomic-oxygen erosion morphologies.

P758/934

Figure 2. Scanning electron micrographs of atomic-oxygen erosion features for graphite-fiber-
reinforced polymer matrix composites flown on EOIM-III. The fiber axis orientation relative
to the atomic-oxygen velocity vector is shown for each micrograph.
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Coated Graphite and Carbon-Carbon Samples

A variety of coatings over AXF-5Q polycrystalline graphite or carbon-carbon substrates was flown on
the Aerospace ambient tray and the heated trays. The samples are described under sample numbers 45
through 64 in Appendix I for the ambient tray and the vanadium- and titanium-coated carbide samples on the
heated tray summary in Appendix II. The carbide and boride coatings were deposited by CVD with ~100
um thickness. Other coatings were either sputtered or deposited from a phosphoric-acid slurry. The reac-
tivity of the uncoated carbon-carbon sample was indicated to be 1.4 x 10-24 cm3/0 Atom by weight-loss
measurements. All of the coated specimens had reactivities at least a factor of 10 lower.

Three samples of ~1 pm chromium deposited on graphite were surface-analyzed by XPS: a ground
control, a flight control (flown facing downward), and a flight exposed. The major surface changes
observed were contaminant deposition and surface oxidation. The XPS composition data for the chromium-
on-graphite samples is shown in Table VII. The major surface contaminants detected on the exposed sample
were silicone and fluorocarbon residues. The silicon concentration was increased about 6 atom % relative to
the ground and flight controls. The fluorine concentration was increased by a factor of 5 on both the flight
control and flight exposed surfaces relative to the ground control. There was no evidence for fluorocarbon
contamination greater than 1 atom % on the other EOIM-III flight samples analyzed by XPS in our
laboratory. It is probable that the flight samples of chromium on graphite were contaminated pre-flight. The
ground control had 4 atom % fluorine detected on its surface, indicating that variable levels of fluorocarbon
contamination were deposited during fabrication or handling. A decrease in total surface carbon contamina-
tion was observed for the flight-exposed sample relative to the ground control, even with the deposition of
silicone and fluorocarbon residues. This was typical of LDEF exposed surfaces as well (ref. 2) and is
attributed primarily to volatilization of atomic oxygen reaction products such as CO and COx.

The increase in surface oxygen concentration by a factor of 2 on the flight sample relative to the ground
control is due both to silicone contaminant residues and an increase in the surface oxidation of the
chromium. XPS curve fit data for the Cr2p3/; peak of the three samples analyzed is shown in Table VIIL
The flight-exposed surface has a significant decrease in the zerovalent chromium detected relative to the con-
trol surfaces. The peak attributed to CrO2 and Cr203 increased on the exposed surface, and a new peak
attributed to CrO3 was also detected.

Table VII. XPS Composition Data for Chromium on Graphite Samples

Surface Atom %, Normalized
Sample Ccr O c Si F N Cl Ca n
Ground Control 12 22 59 (05 38 05 03 12 03
E3-53 Flown Down 10 27 35 06 25 06 07 08 0.2
E3-53 Exposed 6.7 41 26 6.1 19 1.0 0.2 06 0.2

Table VIII. Cr2p3/2 Curve Fit Data for Chromium on Graphite EOIM-III Samples

Cr2p3/2 Curve Fit Results, Normalized Percent
Sample Zerovalent Cr Cr0Q3, Cr203 CrO3
Ground Control 43 57 —
E3-53 Flown Down 36 64 —
E3-53 Exposed 9 70 21
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Four samples of vanadium carbide on graphite were surface-analyzed by XPS: a ground control, and
three flight-exposed samples from the 60°C, 120°C, and 200°C heated trays. The major surface changes
observed were contaminant deposition and surface oxidation. The XPS composition data for the vanadium
carbide on graphite samples is shown in Table IX. The major surface contaminants detected on the exposed
sample were silicone residues. The silicon concentration was increased on the heated samples about 10 atom
% relative to the ground control. This was a larger concentration increase than observed for flight-exposed
samples of other material on the ambient-temperature tray of the experiment. The vanadium carbide films in
this study were apparently not of high purity. Significant, but variable, concentrations of tantalum, tin,
niobium, zirconium, and potassium were detected. It was not possible to deduce from the XPS data
whether or not there were changes in the stoichiometry of the carbide film induced by the flight exposure
since the extent of pre-flight composition variability was not known.

A decrease in total surface carbon concentration was observed for the flight-exposed samples relative to
the ground control, even with the deposition of silicone residues. This indicates a loss of surface carbide
and carbonaceous contamination by volatilization of atomic-oxygen reaction products such as CO and CO2.
The concentration of carbide carbon on the ground-control surface was about 6 atom % (determined by a
curve fit of the Cls peak). Both vanadium and tantalum had surface carbide and oxide states present. The
concentration of carbide carbon on the 60°C sample was about 0.5 atom %, and no carbide could be detected
on the 120°C or 200°C sample surfaces. The metals were all detected predominantly as oxides on all three of
the flight-exposed samples. The increase in surface oxygen concentration by a factor of 2 on the flight
samples relative to the ground control is due both to silicone contaminant residues and an increase in the sur-
face oxidation of the vanadium and other metals.

Table IX. XPS Composition Data for Vanadium Carbide on Graphite EOIM-III Samples

Surface Atom %, Normalized

Sample v C o Si F Ta Sn Nb 2Zr K
Ground Control 83 61 25 04 04 44 04 08 0.1 nd
E3-60-4 Exposed, 60°C i0 13 65 10 03 04 01 01 03 0.2

E3-120-4 Exposed, 120°C i4 15 60 11 02 06 nd tr tr 0.1
E3-200-3 Exposed, 200°C 9.2 11 66 11 tr 22 01 04 tr 0.2
nd = not detected
tr = trace
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Miscellaneous Samples

A variety of materials contributed by Hughes Space and Communications was flown on the Aerospace
tray (ref. 12). Preliminary results are shown in Table X. Values shown for the solar absorptance and nor-
mal emittance are differences between the flight and control measurements. The value for the rhodium-
plated molybdenum in the ambient tray was apparently the largest change, but an opposite trend was
observed for the companion sample at 200°C. The erosion for the two polymeric resins was measured by

microscopic examination.

Table X. Results on Hughes Space and Communications Samples

Sample Description Sample Sample Solar Normal Measured Reaction
Tray No. Absorptance Emittance Erosion Efficiency
Difference* Difference* (Microns) (cm3/0 Atom)

SPEREX Conductive Black Ambient E3-75 -0.011 -0.039

Paint
SPEREX Conductive Black 200 °C E3-200-5 -0.005 -0.053

Paint
SPEREX White Paint, Ambient E3-76 -0.009 -0.046

SP101
SPEREX White Paint, 200 °C E3-200-6 0.021 -0.102

SP101
Germanium/ Kapton Ambient E3-77 -0.005 -0.004
Germanium/ Kapton 120°C E3-200-1 -0.003 -0.003
Rhodium-Plated Ambient E3-77 0.090 0.002

Molybdenum
Rhodium-Plated 200°C  E3-200-4 -0.064 -0.005

Molybdenum
954-3 Cyanate Ester Resin  Ambient E3-78 6.0 26X 10724
934 Epoxy Resin Ambient E3-79 6.5 28X 10°24

*Flown Value minus Control Value
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SUMMARY

A variety of candidate spacecraft materials were flown on EOIM-III on the STS-46 shuttle mission.
One full tray of 82 samples was flown at the ambient temperature during the mission, and samples were also
on three trays held at fixed temperatures during the exposure. Results have been summarized on the obser-
vation of silicon contamination on the returned samples, the degradation of polymer samples, scatter proper-
ties of optical coatings, and the changes observed with zinc sulfide optical films, lubricants, composite
materials, and coated carbonaceous materials.
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APPENDIX I. AMBIENT EOIM-III TRAY - THE AEROSPACE CORPORATION
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1] 100 A Al,O3/ 2400 ABN // 24| Anodized&Nickel Plated/ SiC- 53| Cry POCO AXF-5Q Graphite #1
Fused+S%|ca {exposed to e” Aluminum 54| Si&SiC / Carbon-Carbon #1
/UV/H?) #SE1-01 25| LDEF A276 Trailing Edge #1-1 55| SO, /Si&SiC/Carbon-Carbon #1

2| R e o 26 | 6FDA + APB Spin Coated #1 56 | Al,Oa/Si&SiC/Carbon-Carbon #1

312150 A BN // Fused Silica 27 | 6FDA + APB Spray Coated #1 57 | Rh/Si&SiC/Carbon-Carbon #1
(exposed to e /UV/H*) #SE2-01 28 | Fluorinated Corning 7940 58 | ZrP,0; / Carbon-Carbon #1

4| 2150 ABN // Fused Silica #SE2- 29 | Fluorinated Corning 7940 59 | SiO,/ZrP,04/Carbon-Carbon #1
05 30| Ambient Lens 3 60| SiP,O,/Carbon-Carbon #1

5| 4500 ABN/ 3%011\ ALl Fused 31} Ambient Lens 4 61] SiO,/SiP,0/Carbon-Carbon #1
#éf?_ Sxposedio e ) 32| ZnS/ S!‘!C"" #ZnS-5 62 | Carbon-Carbon Composite #1

6| 1500 A BN /300A Al // Fused 33| ZnS/Silicon #2057 63 | AIPO, / Carbon-Carbon #1
Silica #6A7-3 34 | TiOy/Silicon #MOCVD 92-111 64| SiO,AIPO, / Carbon-Carbon #1

7| Magnesia-doped Al,O5 / SiO 35| TiOo/Fused Silica #MOCVD 92- 65 | NRL Diamond-fike Film (Si) #'D"
Muitilayer // Fused Silica #B-1 T }.g yTR T . 66 | NRL Diamond-like Film (Si) #1

8 gcﬁ% é ;?éos{ C}SOOATlN // Fused AR e g on-ardoen 67 E:::g: ; %EEASF #10 _

- - 37| TiO,/Braided Carbon-Carbon 68 + pin Coated #

13 tggi ;;‘gg';ﬁ Aluminum # 1-1 #MOCVD 92-115 69| 6FDA + APB Spray Coated #1
11 [ LDEF S13GLO Leading Edge #3- 38 | TiO,/POCO Graphite #MOCVD 70| BTDA + 4,40DA #1

1 92-116 71] Liquid Crystalline Epoxy/PDA
12| LDEF S13GLO Trailing Edge #2- | | > 1192 Si02/Silicon #MOCVD 92- | | 72] EPON 825/PDA

1 - p ; 73| Vectra 4950 Liquid Crystalline
13 | Ovonics Au-MoS, multilayer film 40 {\\anﬂ(;l Plated/ SIC-Aluminum Polymer

on 440C steel #0/1091-013 - - - 74| XYDAR SRT 300 Liquid
14| Ovonics Au-MaS, multifayer film 411 Silicon Carbide Mirror Crystalline Polymer

on 440C steel #071091-015 42| P75/934 Graphite Epoxy 75| Sperex Conductive Black Paint
15| NRL MeS; films #102591-002 43| AS4/PEEK 76 | Sperex White Paint SP101
16 | NRL MoS; films #102591-004 44| 6FDA + DDSO, #1 77 | Rhodium-plated Molybdenum
17 | Diamond-like Film (C) #071091- 45 TiC /POCO AXF-5Q Graphite #1 78| 954-3 Cyanate Ester

003/Ag Mask 46| VC / POCO AXF-5Q Graphite #1 70| 934 Epoxy
18 ([))(i)ag/n:;mg Film (C) #071091- 47 13152 /POCO AXF-5Q Graphite 80| High Temperature Adhesive
19| Black Kapton- Old #1 48| TIC/POCO AXF-5Q Graphite #1 | | ' | Gyiw+ Protective Silicone on
20 | Black Kapton-New #1 49| NiAl #1 82| AO Resistant Polyimide
21 | Germanium/Kapton 50| NiBe/POCO AXF-5Q Graphite #1
22| Silver Interconnect 51| TizBe17/ POCO AXF-5Q

| 23| Silver Interconnect Graphite #1
52 [ V/POCO AXF-5Q Graphite #1
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APPENDIX II. HEATED SAMPLE CARRIER SUMMARY - THE AEROSPACE CORPORATION
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Number Size Material Investigator
- __

60 °C Tray
E3-60-1 1" Germanium/ Kapton Drolin
E3-60-2 1" Solar Cell Interconnect Silver #11 Drolin
E3-60-3 0.5" Lens 1 Hills
E3-60-4 0.5" VC/Graphite Foltz/Opeka
E3-60-5 0.5" TiC/Graphite Foltz/Opeka
E3-60-6 0.5" CV1144 Silicone on Gr/Ep Drolin
E3-60-7 0.5" Silicone/Polyimide (Unannealed) Gilman
E3-60-8 0.5" Silicone/Polyimide {(Annealed) Gilman

120 °C Tray
E3-120-1 1" Germaniunmy/ Kapton Drolin
E3-120-2 1" Solar Cell Interconnect Silver #6 Drolin
Lens 1 0.5" Lens 2 S Hills
E3-120-4 0.5" VC/Graphite Foltz/Opeka
E3-120-5 0.5" Silicone/Polyimide {Unannealed) Gilman
E3-120-6 0.5"  Silicone/Polyimide (Annealed) Gilman

200 °C Tray
E3-200-1 1" - -
E3-200-2 1" Solar Cell Interconnect Silver #8 Drolin
E3-200-3 0.5" VC/Graphite Foltz/Opeka
E3-200-4 0.5" Rhodium-plated Molybdenum Drolin
E3-200-5 0.5" SPEREX Black Drolin
E3-200-6 0.5" SPEREX White Drolin
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ABSTRACT

The third Effects of Oxygen Atom Interaction with Materials (EOIM III) experiment flew
on STS-46 from July 31 to August 8, 1992. The EOIM-III sample tray was exposed to the
low-earth orbit space environment for 58.55 hours at an altitude of 124 nautical miles resulting ina
calculated total atomic oxygen (AO) fluence of 1.99x1020 atoms/cm?. Five samples previously
flown on the Long Duration Exposure Facility (LDEF) Experiment MOOO3 were included on the
Aerospace EOIM III experimental tray: (1) Chemglaze A276 white thermal control paint from the
LDEEF trailing edge (TE); (2) S13GLO white thermal control paint from the LDEF TE; (3)
S13GLO from the LDEF leading edge (LE) with a visible contamination layer from the LDEF
mission; (4) Z306 black thermal control paint from the LDEF TE with a contamination layer from
the LDEF mission; and (5) anodized aluminum from the LDEF TE with a contamination layer
from the LDEF mission. The purpose of this experiment was twofold: (1) investigate the
response of trailing edge LDEF materials to atomic oxygen €Xposure, thereby simulating LDEF
leading edge phenomena; (2) investigate the response of contaminated LDEF samples to atomic
oxygen in attempts to understand LDEF contamination-atomic oxygen interactions.

This paper describes the response of these materials to atomic oxygen exposure, and
compares the results of the EOIM III experiment to the LDEF mission and to ground-based
atomic oxygen exposure studies. ; :

INTRODUCTION

Specimens retrieved form the Long Duration Exposure Facility (LDEF) showed dramatic
differences between the response of materials located on the leading edge (LE) and those on the
trailing edge (TE). These differences are largely attributed to the high fluence of atomic oxygen to
which the leading edge specimens were exposed.() The synergistic effects between UV radiation
and atomic oxygen have also received much attention since the return of LDEF. Typical responses
of white thermal control paints on the trailing edge included darkening due to the UV exposure.
However, paint specimens on the leading edge of LDEF in many cases retained their white
properties, presumably due to the scrubbing effects of atomic oxygen which removed the UV
damaged layer.(1-3) Contamination on LDEF has, and continues to be, actively investigated,
especially with respect to reaction with UV and atomic oxygen.(-8)

The purpose of this experiment was twofold. First, we wished to simulate LDEF LE phenomena
by exposing TE samples of white paints to low Earth orbit atomic oxygen. Second, we wanted to
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see if contamination layers on TE specimens could be removed and/or chemically altered by the
atomic oxygen exposure. The exposure of these materials on EOIM III can be compared to recent
results obtained from ground-based atomic oxygen exposures using O-atom facilities at Los
Alamos National Laboratory (LANL).

FLIGHT DESCRIPTION

The third Effects of Oxygen Atom Interaction with Materials (ECIM III) experiment flew
on STS-46 from July 31 to August 8, 1992. The EOIM-III sample tray was exposed to the low-
Earth orbit space environment for 58.55 hours at an altitude of 124 nautical miles. The sample tray
was exposed to a calculated total atomic oxygen (AO) fluence of 1.99x1020 atoms/cm2. Five
samples previously flown on the M0OO3 LDEF experiment were included on the Aerospace
experimental tray: (1) Chemglaze A276 white thermal control paint from the LDEF trailing edge
(TE); (2) S13GLO white thermal control paint from the LDEF TE; (3) S13GLO from the LDEF
leading edge (LE) with a visible contamination layer from the LDEF mission; (4) Z306 black
thermal control paint from the LDEF TE with a contamination layer; and (5) anodized aluminum
from the LDEF TE with a contamination layer.

SAMPLE DESCRIPTION AND PREPARATION

Chemglaze A276 is a white thermal control paint manufactured by Lord Corporation that
consists of primarily a titanium dioxide pigment in a polyurethane binder. This paint was used on
LDEF as a thermal control coating on the Experiment Power and Data System (EPDS) sunshields.
The samples used for EOIM III were sectioned from the Aerospace Corporation LDEF
experiment EPDS sunshield located on the LDEF trailing edge at D4.(1) The sunshield exposure
was 10,400 equivalent sun hours of UV radiation and an atomic oxygen fluence of 2.31x105
atoms/cm?2 during the LDEF mission.(%.10) Unlike leading edge samples of Chemglaze A276,
these samples did not show evidence of atomic oxygen erosion from the LDEF mission due to
their exposure to a much lower atomic oxygen fluence (by about seventeen orders of
magnitude).(1,3) The samples rather had been considerably darkened from UV radiation but
remained quite glossy and specular.

S13GLO is a white thermal control paint manufactured by IITRI that incorporates a zinc
oxide pigment in a methyl silicone binder. The ZnO pigment is encapsulated with potassium
silicate for increased radiation stability. The samples were sectioned from the leading and trailing
edge signal conditioning unit covers (SCU) on trays D8 and D4, respectively.(l) The LE samples
had previously been exposed to 9400 equivalent sun hours of UV radiation and an atomic oxygen
fluence of 8.99x102! atoms/cm?2.09.10) The LE samples used for the EOIM III experiment were
contaminated with a dark brown/tan contamination layer which significantly increased the paint's
solar absorptance. However, the samples were taken from the side of the SCU cover so they saw
no direct exposure to atomic oxygen but may have seen some reflected or scattered AO during the
LDEF mission. The contamination was the result of venting of contamination from the interior of
LDEF.

The TE S13GLO samples, used for the EOIM III experiment, like the Chemglaze A276
TE samples, were exposed to 10,400 equivalent sun hours of UV radiation and an atomic oxygen
fluence of 2.31x105 atoms/cm2.(9.10) These samples had also been significantly darkened by the
UV exposure.(1) There was no significant contamination layer on these samples as was the case for
the LE specimens.



Chemglaze Z306 is a black thermal control paint manufactured by Lord Corporation that
incorporates a carbon black pigment in a polyurethane binder. Samples were sectioned from a
module backing plate on the LDEF trailing edge tray at location D3. This painted surface was
facing inside of LDEF, and therefore was not subjected to UV radiation or atomic oxygen
impingement. The backing plate did, however, have a visible contamination layer from the
outgassing of various components and/or experiments on LDEF.

Anodized aluminum samples were sectioned from the environmental exposure control
canister (EECC) located on the LDEF trailing edge at D4. Consequently, it had been exposed to
10,400 equivalent sun hours of UV radiation and an atomic oxygen fluence of 2.31x105
atoms/cm2.(%.10) A light brown contamination layer was present on the surface due to the
outgassing of various components and/or experiments on LDEF, and their subsequent photo-fixing
from the UV exposure.(1)

The samples were sectioned into several 1"-diameter discs. The following sample notation
and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>